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Supramolecular chemistry offers a unique opportunity to assemble biomate-
rials with molecular precision. Though biomaterials based on self-assembling
peptides often exhibit limited control over their hierarchical assembly, me-
chanical properties or biological relevance. This dissertation addresses these
challenges by bringing together the scopes of peptide self-assembly and host-
guest interactions.
The thesis opens with a literature revision chapter on supramolecular bio-
materials and multicomponent self-assembly as a strategy to design complex
biomedically relevant hydrogels. The following three experimental chapters
constitute examples of biomedically relevant peptide amphiphile (PA)-based
hydrogels based on the co-assembly of peptides bearing host-guest recogni-
tion motifs.
Firstly, a report on a new family of supramolecular hydrogels based on the
non-covalent crosslinking between PAs bearing either β-Cyclodextrin (βCD)
or Adamantane (Ada) host-guest cues is presented. The resulting hydrogels
exhibit enhanced mechanical properties, including stiffness and resistance to
degradation, while retaining good in vitro biocompatibility.
The next chapter explores on the non-covalent tethering of biologically rel-
evant epitopes to self-assembled PA nanofibers through βCD/Ada complexa-
tions as a modular approach for developing more complex and dynamic PA
hydrogels. Incorporating host-guest peptide pairs endowed control from nano
to macroscale in the materials, as well as its mechanical control, biological
tunability and the possibility to imprint them higher levels of dynamic spa-
tiotemporal properties.
Lastly, the use of another host-guest interaction family based on the ternary
complexation of aromatic amino acid-bearing PAs and cucurbit[8]uril (CB[8])
is presented. An unreported non-ionic gelation mechanism is presented as
well as the structural and mechanical comparison of the PA-CB[8] gels versus
conventional ionically-gelled PAs.
Altogether, this work presents new approaches to develop more controlled
and functional peptide-based nanomaterials with broad implications in the
self-assembling and bioengineering communities.
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This chapter presents the motivation behind the herein described projects,




There is growing realisation about the role that the extracellular surround-
ings play in regulating cell responses.1 Morphological, rheological and com-
positional hints can indeed have profound effects on cell behaviour and func-
tions.2,3
Even though standard cell culture materials (glass and polystyrene in tissue
culture plastic for example) have provided cell and molecular biology studies
with valuable information on cell function and response, these materials ex-
hibit unphysiologically high stiffness and notable lack of structural complexity,
thus promoting flattened cell shape, deviant polarisation, unrealistic response
to drugs, among other abnormal behaviours.4 Some studies even indicate that
cells retain memory of past mechanical environments.5
Cell culture systems able to recapitulate native cellular environments are
required as alternatives to conventional cultures as more biological studies
and bioengineering applications demand more complex in vivo milieus. In this
regard, hydrogels have emerged as very promising alternatives to develop
cell culture alternatives, as hydrogels mimic the high water content and me-
chanical properties that match soft tissues of the native extracellular matrix
(ECM).6
Hydrogels are considered water-swollen polymer networks formed through
the crosslinking (either covalent or non-covalent) of hydrophilic polymer
chains,7 their entangled polymer network provides a simple biomimetic 3D en-
vironment, useful for either tissue production by seeded cells or for positioning
of these cells for in vivo delivery. Even though hydrogels based on naturally
ocurring biomolecules like collagen and assortments of ECM proteins (such as
Matrigel8) are routinely used by biologists, these often exhibit enormous vari-
bility in composition and outcome results, calling their biological relevance
into question.9
Luckily, there are many other hydrogel alternatives, and advances in the
design and synthesis of on-demand sequence-controlled biomacromolecules
together with non-natural synthesis routes have allowed for an impressive tool
kit for the design of synthetic hydrogels with user-defined properties (Figure
1.1).10
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Figure 1.1: Advantages of hydrogel cell culture technologies. Conventional 2D cul-
ture on superphysiologically stiff substrates versus 3D hydrogels that can be engi-
neered to present a more realistic microenvironment to cells [Adapted from Caliari et
al.4].
Given their ubiquity in nature, their biodegradability and ease of synthe-
sis, peptide-based hydrogels have arise as promising candidates. The most
common method to fabricate peptide-based hydrogels relies on molecular
self-assembly of peptide units into well defined supramolecular nanostruc-
tures.11,12,13
Polypeptide-based hydrogels are particularly useful in cell culture appli-
cations, given the control they offer over their assemblies, leading to tun-
able properties that can be modulated to emulate those exhibited by cova-
lent polymers, not to mention the possibility to assembly into hierarchical
length-variable structures. Peptide Amphiphiles (PAs) represent a particular
self-assembling peptide family based on lipidated short peptides that actually
exhibits all of the just mentioned characteristics.
PAs excel at recapitulating aspects of native ECMs, can assemble in modu-
lar ratiometric fashions, and their molecular structure can be altered via rather
simple covalent modifications, thus allowing for a myriad of studies on how to
tune the fine array of intermolecular forces that give raise to their functionality
as in vitro cell culture scaffolds and in vivo regenerative materials.
There is a plentiful collection of intermolecular forces guiding PA molec-
ular self-assembly,14 ranging from dispersive hydrophobic interactions, to in-
trafiber hydrogen bonding, metal - ion electrostatic forces and hydrogen bond-
ing phenomena involving water molecules captured from the solvent bulk.15,16
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In spite of this, the full potential of PA nanofibers has not been fully ex-
ploited as interactions based on high affinity, molecular recognition and selec-
tivity remain yet to be either fully understood17 or unexploited.
Even though PA hydrogels are conventionally formed via electrostatic screen-
ing, more sophisticated and dynamic hydrogelation mechanisms might help
to improve their design and application. The motivation for the research
presented in this thesis stems from the desire to enhance structural,
mechanical and stability aspects of self-assembling PA-based hydro-
gels.
Self-assembled PA nanofibers have traditionally been seen as mere static
epitope presenters to cells cultured atop or encapsulated in the hydrogels.
Therefore, approaches that turn these nanofibers into more dynamic entities
are very much required, this will allow PA hydrogels to improve matching the
complexity and dynamics of native tissues and will boost advancements that
will add up to the reduced number of reports on PA hierarchical structuring18,19
and spatiotemporal dynamics,20 consequently, tackling challenges associated
to increasing biological complexity in biomedically relevant systems.4
1.2 Thesis Statement
Based on the motivation, a concise research statement was formulated which
will serve as the overarching aim of this thesis;
This doctoral thesis concentrates on the systematic study of integrating host-
guest interactions into peptide amphiphile-based materials. This attempts to
increase our current toolbox of interactions useful in the molecular design of
self-assembled supramolecular biomaterials. Combining dynamic host-guest
molecular recognition motifs with the valuable structural features of peptide
amphiphiles will allow to augment their capacities to emulate dynamic spa-
tiotemporal and hierarchical complexity aspects of native extracellular ma-
trixes.
26
This work presents interdisciplinary research projects between materials
and organic synthesis, supramolecular chemistry, peptide biophysics and cell
biology. The aim and objectives of this thesis are presented in Sections 3.1 &
3.2 right after the literature review that helped to refine them.
1.3 Thesis Outline
This thesis has been structured in seven chapters and one appendix. Chap-
ter 1 opens Section I presenting the motivation for the studies, presents the
thesis statement, and closes presenting the current outline on how the disser-
tation is structured. Chapter 2 presents a literature review on the principles of
supramolecular self-assembly, self-assembling hydrogels and self-assembling
peptides, focusing especially on the peptide amphiphiles (PAs) family. Chapter
3, provides the thesis aim and objectives.
Chapter 4 opens Section II and is the first out of three experimental chap-
ters. It presents the outcome result of derivatising cationic PA molecules
with host-guest cues enabling the formation of Adamantane/β-cyclodextrin
(Ada/βCD) anchoring points between self-assembled nanofibers, addressing
the main focus of the thesis; originating mechanically tunable hydrogels, with
increased stability and suitable for cell culture. The characterisation of the
molecules is provided, followed by spectroscopic, morphological, mechanical
and biological investigations on the resulting non-covalently cross-linked PA
hydrogels.
Chapter 5 takes advantage of the Ada/βCD host-guest phenomena de-
tailed in Chapter 4 in order to promote non-covalent display of cell adhesion
epitopes at the surface of negatively charged self-assembled PA nanofibers.
In the first section of the chapter the molecular design of the system is dis-
cussed, followed by the corresponding supramolecular aggregation studies.
Also details on the resulting hydrogels’ characterisation and cell culture stud-
ies that show the functionality of the approach to promote cell attachment are
provided.
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Section III focuses on a different family of host-guest interactions: the one
based on cucurbit[n]urils, CB[8] to be precise. Chapter 6 is the last experi-
mental chapter and describes the development of dynamically cross-linked PA
hydrogels based on an unreported strategy to generate PA hydrogels based on
the formation of a host-guest homoternary complex with CB[8] and aromatic
amino acid-bearing PA nanofibers. This novel host-guest PA gelation approach
is presented as an alternative to ion-screening-based PA hydrogels, to which a
structural and rheological comparison is presented along the chapter, closing
with preliminary cell viability assays.
Chapter 7 is included in Section IV as it provides a summary of the research
work, perspectives and future directions, as well as a discussion on the signifi-
cance of the work in relation to published studies. Lastly, Appendix A supports
the dissertation by presenting all published material during the development
of the experimental studies (publications, collaborations and book chapter)
and provides a list of all conference presentations concerning this thesis. Fig-
ure 1.2 aims to illustrate the interconnections between the above described
thesis chapters and contents.




Figure 2.1: Schematics showing integration of the three main topics of this thesis.
This chapter presents a literature review on the principles of molecular self-
assembly, self-assembling peptides, host-guest interactions and how this dis-
sertation pursues to integrate these concepts into new families of self-assem-
bling hydrogels.
Selected sections of this chapter have been published in:
• Okesola, B. O.; Redondo-Gómez, C.; Mata, A. Multicomponent Self-
Assembly: Supramolecular Design of Complex Hydrogels for Biomedical
Applications. In Self-assembling Biomaterials: Molecular Design, Char-
acterization and Application in Biology and Medicine; Azevedo, H. S., da
Silva, R. M. P., Eds.; Elsevier Ltd.: 2018; pp 371-397.21
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2.1 Molecular Self-assembly
The past three decades have witnessed a true revolution when it comes to
think of the way matter (including living organisms) gets organised and reaches
high structural and functional complexity levels. Much of this has been en-
abled by the pioneering works of Charles Pedersen, Donald J. Cram and Jean-
Marie Lehn on the “development and use of molecules with structure-specific
interactions of high selectivity”, that were jointly recognised with the Nobel
Prize in Chemistry in 1987 for laying out the foundations for supramolecular
chemistry as we know it today. Lehn, in particular, broadened the perspec-
tive in the following years with his vision of "chemistry beyond the molecule"
towards the self- assembly of various structures.22
Supramolecular chemistry has developed as “the chemistry of the enti-
ties generated by intermolecular non-covalent interactions”23 and has rapidly
evolved into the chemistry of molecular information, i.e. one involving the
storage of information in the particular array of atoms in a molecule. Molecu-
lar structure ultimately determines its interaction with other entities through
defined sequential algorithms based on patterns we now call non-covalent
interactions (hydrophobic, aromatic, dipole-dipole, ion-dipole, and ion-ion in-
teractions, van der Waals forces, hydrogen bonds, metal-ligand coordination
sites, host-guest complexations, among others).24
Self-assembling systems undergo autonomous organisation via interaction
of multiple smaller components into larger well-defined structures.25 This def-
inition does not restrict the size of the objects undergoing self-organisation,
thus having control over structural features ultimately determines interac-
tions and control over higher organisation levels. In the case of molecular
self-assembly it is actually molecules (or parts of them) than undergo sponta-
neous formation of ordered aggregates with no human intervention.26
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Evolution of molecular self-assemblies relies on two processes: molecular
recognition and self-organisation. Molecular recognition is based on molecular
pre-organisation and design, and carries out information storage and process-
ing. Meanwhile self-organisation involves the initiation, growth and termina-
tion of the assemblies through sequential binding of multiple components in
the correct disposition.23
2.1.1 Molecular Fabrication
A deeper understanding of the processes dictating molecular self-assembly,
i.e. molecular recognition and self-organisation, has originated molecular struc-
tures with controlled chemical complementarity and structural compatibility,
and has opened the possibility to imprint materials with control over their
molecular composition and arrangement, thus allowing exciting possibilities
for molecular and nanofabrication based on the noncovalent interactions that
bind building blocks together during self-assembly.27
Using natural processes as a guide, substantial advances have been achieved
at the interface of nanomaterials and biology allowing development of new
biomaterials that can undergo self-assembly into well-ordered structures at
the nanometer scale.27 Molecular recognition and self-organisation principles
from self-assembly do govern structure and function in biologically relevant
scenarios, from DNA replication, to vesicle formation, transport of solutes,
protein synthesis, just to name a few.28 There is also a number of naturally oc-
curring self-assembling biomolecules like amyloid fibrils, actin filaments, and
microtubules29 where to borrow inspiration from in order to tailor stimuli re-
sponsiveness, adaptation, recognition, transport, and catalysis phenomena in
materials and biomaterials.30
Using these principles based on the rational design of non-covalent molec-
ular recognition motifs has led to obtaining a myriad of molecularly fabricated
materials and has also offered exciting opportunities to develop new genera-
tions of smarter biomaterials.31
31
2.2 Supramolecular Biomaterials
Exploration of the principles of molecular self-assembly has led to the deliber-
ate manipulation of intermolecular interactions, allowing for new generations
of autonomous, dynamic, adaptive and “smarter” biomaterials, whose con-
stituents are linked through reversible associations and may undergo assem-
bly and de-assembly processes in specific conditions.25
Supramolecular biomaterials are often composed of constitutionally dy-
namic supramolecular polymers. This term often evokes immediate analogy
to their classical covalent counterparts. Covalent polymers are mechanically
and chemically robust, while most supramolecular polymers are much weaker
in many cases. This apparent lack of robustness has oriented supramolecular
polymeric materials towards applications where tough mechanical and chem-
ical stability are not necessarily required.29
The lability and reversibility of these associations allow for growing, short-
ening or reconstitution of their nano and meso-structures in response to stim-
uli. This spontaneous but controlled generation of well-defined, functional
supramolecular nanostructures through self-organisation allows a very power-
ful alternative to biomaterials nanofabrication,23 while the self-assembled na-
ture of supramolecular biomaterials confers unmatched processing, process-
ing, recyclability, self-healing, stimuli responsiveness, and evolvable proper-
ties by association/growth/dissociation sequential events that covalent poly-
mers can rarely achieve.26
The specific benefits of supramolecular biomaterials emerge from the na-
ture of the dynamic non-covalent interactions that hold them together, which
confer control over properties in a reversible, highly tunable, dynamic and
modular fashion, allowing in many cases a good biomimetic recapitulation of
native biological structural cues (Figure 2.2.a).31
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Based on their supramolecular formation mechanisms, supramolecular bio-
materials have been traditionally split into two categories (Figure 2.2.B):
I. Supramolecular chain extension and/or crosslinking
biomaterials: Where small olygomer units are chain extended or large
polymer units are cross-linked via supramolecular recognition motifs. The-
se will be discussed in Section 2.2.1.
II. Supramolecular stacking biomaterials: Prepared from high-aspect-
ratio 1D assemblies of molecular stacking motifs. These will be discussed
in Section 2.2.2.
Figure 2.2: Design of supramolecular biomaterials. A) Specific benefits of
supramolecular biomaterials. B) Classification of supramolecular biomaterials created
i) through engineered molecular recognition motifs for the crosslinking of polymeric
precursors and ii) through the assembly of molecular stacking motifs [Adapted from
Webber et al.31].
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2.2.1 Supramolecular Chain Extension or Crosslinking
These biomaterials are based on covalent macromers (oligomer or polymer
units) that have been appended with motifs able to undergo molecular self-
complementary (X:X) or complementary (X:Y) recognition processes. When
these motifs are conjugated to the ends of polymer chains, their association
leads to supramolecular chain extension. On the other hand, when these mo-
tifs are pendant from a polymer chain their association leads to supramolec-
ular crosslinking and network formation.31 These systems include polymeric
chains crosslinked through directional and reversible noncovalent interactions
whose environmental responsiveness, viscoelasticity, and cargo release can
be engineered as a function of the polymeric architecture and thermodynamic
and kinetic parameters of association.32
The degree of association of these materials is dictated by their concen-
tration and thermodynamic equilibrium constant, meanwhile their dynamic
nature is dictated by their binding kinetics.31 The motifs used in this type of
biomaterials fall into three main families:
• Polyvalent hydrogen-bonding units: Including the ureido-pyrimidinone (2-
ureido-4-[1H]pyrimidone, UPy) motif, a quadruple hydrogen-bonding mo-
tif able to exhibit X:X self-complementarity (Kdm = 6×107 M-1) and X:Y
complementary with other motifs like 2,7-diamido-1,8-napthyridine (Keq
= 5×106 M-1). Polyvalent hydrogen bonding-forming motifs include also
DNA-inspired units like guanisines,33 as well as stacking units of bisureas,34
and benzenetricarboxamides (BTAs) systems.35
• Metal–ligand binding pairs: Such as metal–terpyridine, histidine, imida-
zole or cathecol interactions, whereby two moieties of the same ligand
motif are complexed through a single metal ion (X:Y:X), where Y includes
Zn2+, Fe2+ or Fe3+, among other cations. Even though this platform
has been the least-explored, it offers great potential given the use of
predictable and strong interactions with biologically relevant metal ion
species.36
34
• Host-Guest binding motifs: Macrocyclic host–guest interactions represent
one of the most recognizable motifs in supramolecular chemistry. The
non-covalent interaction between host molecules like cyclodextrins or cu-
curbit[n]urils and small hydrophobic guest molecules has also been used
as a recognition motif in order to crosslink polymeric precursors and to
prepare supramolecular biomaterials.31 This particular platform will be
further extensively discussed in Section 2.5.
2.2.2 Supramolecular Stacking
It was Jean-Marie Lehn himself who introduced the concept of supramolecular
polymerisation in 1990 by using molecular recognition events based on com-
plementary triple hydrogen bonding between ditopic diacylaminopyridines and
ditopic uracil derivatives to generate the first supramolecular main- chain
polymer.37 The assembly of small molecules (0D objects) typically relies on
either facial or lateral aggregation of molecular components and leads to
the formation of high aspect-ratio 1D fibrillar structures that account for the
supramolecular polymer structure.38 Preparation of these supramolecular stacks
can be controlled either kinetically or thermodynamically, often finding ki-
netically trapped aggregates — i.e. aggregates that exist in a local free-
energy minimum that happens to be highly dependent on the aggregation
pathway.39,40
Since the report of the first self-assembling peptide by Zhang and collabo-
rators in 1993 (AEAEAKAKAEAEAKAK, known as EAK16)41 the platform of self-
assembling peptides has been greatly expanded and has produced several
seminal works in the field of supramolecular biomaterials.42
The peptide motifs used in this type of stacking biomaterials fall into the
following four main families (Figure 2.3):43,44,28
• β-Sheet forming peptides: peptide-based stacks self-assemble by form-
ing β-sheet-like hydrogen bonding networks parallel to the filamentous
one-dimensional assemblies axis.31 Several peptide families belong in
this category, including self-complementary oligopeptides like RAD16 and
EAK16,41 glutamine rich peptides like P11,45,46 surfactant-like peptides,47












































• Three-dimensional motifs-based peptides: based on triple-helical colla-
gen-mimetic interactions50 and coiled-coil or leucine-zipper interactions.51
• Aromatic dipeptides and derivatives: including diphenylalanine (FF-OH)13,52
and peptides hybridised with aromatic non-peptidic structural moieties,
such as aromatic units like: N-fluorenyl-methoxycarbonyl (Fmoc), naphtyl,
azobenzyl, and pyrenyl groups.53 The presence of aromatic moieties in-
corporates additional driving forces for the peptide stacking through aro-
matic interactions.54,12
• Peptide amphiphiles (PAs): oligopeptides hydridised with long alkyl chains
that incorporate additional hydrophobic driving forces for stacking forma-
tion.55,56 PAs will be discussed in detail in Section 2.4.
Other semi-synthetic self-assembling derivatives undergo supramolecular
stacking, including biogenic molecules like bile salts derivatives57 and other
lipidic amphiphiles whose self-assembling design principles remain yet elu-
sive.58 In any case, the assembly of small-molecule-stacking motifs is primar-
ily dictated by their molecular structure, and their resulting supramolecular
structures can be partially described by the balance between attractive and
repulsive intermolecular forces, as it also obeys principles dictated by molec-
ular packing theory.31
The "critical packing parameter" or "cpp" provides a rationale for the re-
lation between a particular molecular shape and its resulting aggregate mor-
phology.59 In the case of surfactant molecules a particular value of the cpp
can be translated into specific shape and size for a resulting equilibrium ag-





where v and lc are the volume and extended length of the hydrophobic alkyl
chain and as is the optimum interfacial area occupied by an amphiphilic mole-
cule at the aggregate–water interface.61 Increasingly repulsive intermolecular
forces induce an increase in as and lc, henceforth a decrease in cpp is ob-
served.
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Figure 2.4: Relation between critical packing parameter of amphiphilic mole-cules
and their preferred supramolecular aggregates [Modified from Ramathan et al.61].
Molecular packing factors indicate that wedge-shaped molecules are likely
to form cylindrical supramolecular stacks (1/3 < cpp < 1/2).59 These consid-
erations will prove even more useful when discussing the molecular design of
peptide amphiphiles and their supramolecular stacking in Section 2.4.1. In
any case, one-dimensional self-assembled nanostructures can further entan-
gle to form hydrogels, yet the interactions that give rise to hydrogel formation
are not usually originated by preorganised molecular recognition motifs, but
pH changes, the addition of enzymes, or multivalent cations that form salt
bridges can originate fibre bundling.31 Furthermore, bundle length, stiffness
and crosslinking between fibres produces a solid-like 3D network that entraps
water and determine the mechanical properties of the resulting hydrogels.21
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2.3 Hydrogels
Hydrogels are a fascinating class of 3D networks formed by hydrophilic poly-
mer chains embedded in a water-rich environment.62 Hydrogels based on
natural components like collagen, fibrin, alginate, hyaluronic acid or synthetic
polymers like polyacrylamide (PAM), polyethylene glycol (PEG) or polyvinyl al-
cohol (PVA) are routinely used for 3D cell culture.4 In the case of protein-based
hydrogels like collagen and fibrin high composition variability is observed as
in other ECM-derived proteins. By contrast, synthetic polymer hydrogels fail
to mimic the fibrous architecture of the native ECM.63,64
Supramolecular hydrogels based on stacking motifs (Section 2.2.2) are a
sub-class of man-made fibrillar hydrogels that overcome these obstacles, by
benefiting from the precision and control that drives their self-assembly and
by exhibiting controllable and reproducible filamentous architectures as those
from native ECMs.63 Supramolecular hydrogels have emerged as promising
alternatives to develop cell culture scaffolds for tissue engineering applica-
tions,6 given their capacity to mimic aspects of the ECM by providing cells
with structural support and biochemical cues to direct their growth and phe-
notype.63
2.3.1 Hydrogels and the Extracellular Matrix
In fact, ECMs in vivo are made of hydrogel-like networks of fibrous proteins
like elastin, laminin, fibronectin, and collagens, all embedded in a matrix of
complex proteoglycans (like agregans and syndecans) and glucosaminogly-
cans (for instance, chondroitin sulfate and hyaluronan) in which cells reside in
all tissues and organs.65 Native ECMs are highly dynamic structural networks
and continuously undergo remodeling and reconfiguration of their biochemi-
cal cues, present high water content, and are permeable to gases, waste and
nutrients.63,66
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Changes in composition in ECM fibres dictate the properties of the sur-
rounding cell and tissue environment.65 For instance, unbalances in elastin fi-
bres (responsible for the elasticity of tissues) and collagen fibres (considerably
less extensible than elastin) can compromise tissue function as in age-related
skin wrinkling or stiffening of arteries, tumour stroma formation among oth-
ers.67
Other aspects of native ECMs is the structure, dimensions and arrangement
of fibers, for instance, the organization of collagen fibrils is largely responsi-
ble for transparency and refraction of cornea, lens and vitreous body,68 while
excessive deposition of collagen occurs during fibrosis and tumour stroma for-
mation.63 Fibre alignment occurs in many tissues, like the cornea, the my-
ocardium, skin, and produces an anisotropic environment for cell migration,
proliferation and differentiation.
2.3.2 Self-assembling Hydrogels
Self-assembling hydrogels remain one of the most appealing material can-
didates for biomedical applications owing to their high water content, high
porosity for oxygen and nutrient permeability, biocompatibility, biodegradabil-
ity, tunable stiffness, and responsiveness and reversibility to environmental
stimuli.69,70,71,72
Conventional polymeric hydrogels are composed of either synthetic or bio-
logical macromolecules, crosslinking of these macromer units can be of either
covalent or non-covalent nature.73 Covalently crosslinked polymeric hydrogels
are generally permanent, brittle, irreversible and with low cytocompatibility
and are of little interest in biomedical applications. On the other hand, non-
covalently crosslinked polymeric hydrogels are usually weaker, exhibit shear-
thinning and self-healing behaviours, and are susceptible to external stimula-
tion Figure 2.5.
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Figure 2.5: Self-healing hydrogels based on ionic interactions, hydrogen bonds, and
host-guest coupling.
A) Ionic interactions in polyampholyte-based hydrogels (polymers bearing randomly
dispersed cationic and anionic repeat groups). (Bottom left) Recovery of gels for
different waiting times. (Bottom right) Self-healing between either two freshly cut
surfaces (red and blue) or a fresh and an aged surface (white) of samples.74
B) Hydrogen bond-based self-healing in polyacryloyl-6-aminocaproic acid gels. (Bot-
tom) The healed hydrogels at low pH separate after exposure to a high-pH solution
(with pH > 9), and the separated hydrogels could reheal upon exposure to acidic so-
lution (pH < 3).75
C) Host-guest coupling. (Bottom) The cut hydrogel spread with NaClO aqueous solu-
tion did not heal after 24 hours, but readhesion was observed 24 hours after spreading
reduced glutathione aqueous solution onto the oxidized cut surface76 [Modified from
Zhang and Khademhosseini.62].
Supramolecular stacking of hydrogelators results in nanofibers or other
mesoscale assemblies that are transient, often thermally reversible or easily
respond to certain stimuli, their major limitation is their mechanical strength.
Figure 2.6 compares other features of self-assembled hydrogels versus con-
ventional polymeric hydrogels.77
Many formation mechanisms behind the self-assembly of hydrogelators
share non-covalent, 3D, responsive, adaptative and dynamic characteristics
of certain biological processes (for instance, the assembly/dis-assembly dy-
namics of cytoskeleton actin filaments and tubulin microtubules), thus making
them easy to integrate into the dynamics that reconfigure the ECM or even
































































Despite the widespread applications of supramolecular hydrogels (like drug
delivery,78 3D cell culture,79,80 tissue engineering81), the vast majority of re-
ported hydrogels are homotypic, consisting of only one type of molecule. New
approaches involving the use of multiple molecular components can signifi-
cantly enhance the diversity of the resulting self-assembled hydrogels, thus
avoiding limits on the emergence of complexity that homogeneity imposes
Figure 2.7.21
Figure 2.7: Native ECM and mimicking synthetic strategies involving hydrogel re-
versible chemistries. A) Native ECM is a heterogeneous fibrillar network that can be
emulated via B) Reversible chemistries for hydrogels, including dynamic presentation
of cell signalling molecules (left panel), self-healing or adaptable crosslinks (middle
panel) and strategies to alter the crosslinking density without changing the network
connectivity (right panel) [Modified from Rosales et al.82].
Recently, Eelkema and Pich have reviewed the properties of both supramolec-
ular and macromolecular gelators,83 reaching to the conclusion that -individua-
lly- both kinds of hydrogelators begins to show some principles and properties
required to reach the level of biological hydrogels, and both hydrogel families
have areas where they outperform the other, proposing that a merge of both
supramolecular and macromolecular gels appears to be the optimal strategy
to design "life-like adaptative hydrogels".
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A hydrogel design strategy based on the coassembly of two or more com-
ponents is a step forward toward unlocking the full potential of hydrogels
in biomedical applications.84 This approach, referred to as multicomponent
coassembly, results in multicomponent or heterotypic hydrogels. In this kind
of hydrogels complex morphologies can be more readily accessed as a result
of "social" or "self-sorting" interactions between the building blocks, giving
raise to different thermodynamically favoured morphologies.21
Using mixtures of components with different propensity to self-assemble is
therefore a paramount design strategy for the bottom-up nanofabrication of
complex multicomponent hydrogels.21
Following these principles, self-assembling hydrogels derived from natu-
ral building blocks have been prepared. Amino acids, peptides, nucleobases,
mono and polysaccharides, as well as their derivatives have been incorpo-
rated into supramolecular hydrogels,77 and their macroscopic morphologies
have been engineered using additive manufacturing technologies as well.85
2.3.3 Characterisation of Hydrogels
Mechanical Properties of Hydrogels
Hydrogel stiffness (in fibrillar systems like those originated by supramolecular
stacking) can be determined through tensile strength and toughness measure-
ments,63 but it is most commonly characterized by shear modulus (G) or their
compressional Young’s modulus (E), two values that are related to each other
as a function of the material’s Poisson’s ratio (ν):4
E = 2G(1 + ν) (2.2)
Most hydrogels exhibit a Poisson’s ratio of around 0.45 – 0.5, resulting in
E ≈ 3G.
Shear moduli determinations are usually carried out in a rheometer, par-
ticularly in a parallel plate or cone and plate test configuration in oscillatory
mode.86 The hydrogel is placed on the plate as shown in Figure 2.8.A and
torque and angular displacement are monitored.87
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Figure 2.8: Rheological characterisation of hydrogels. A) Schematic diagram of a
controlled-stress rheometer in a parallel plate configuration. B) Schematic represen-
tation of dynamic viscoelastic properties of gelation system as a function of reaction
time. C) Typical strain dependences of viscoelastic moduli: (c) agar gel, and (d)
crosslinked poly(4-vinylpyridine) network [Modified from Murata86 and Lapasin88].
The complex dynamic shear modulus (G∗) can be expressed as a func-
tion of the shear storage modulus (G’), the shear loss modulus (G”) and loss
tangent (tan δ), defined as follows:86,88
|G∗| = G′ +  ·G′′ (2.3)
G′ = |G∗| · cos(δ) (2.4)







−1, and δ is the phase angle between stress and strain. G’ repre-
sents the elastic component of material behavior, whereas G” represents the
viscous component of material behavior.86 Contrary to viscous liquids, hydro-
gels are characterized by G’ > G” over several decades of oscillatory shear
frequency (Figure 2.8.B).86 Hydrogels often exhibit viscoelastic properties, in
which both storage and loss moduli do not significantly vary over a range of
increasing shear strain or frequency (Figure 2.8.C), a range commonly denom-
inated the "viscoelastic region".87
In covalently cross-linked polymeric gels (see Figure 2.6) covalent bonds
constrain polymer chain mobility in the hydrogels, turning them into elastic
spring-like structures that translate into largely elastic material properties,82
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meaning that the gel strains linearly when a stress is applied only to linearly
return to its original shape.32 This implies that even if a cell exerts enough
tension to the hydrogel, there is little chances for it to impart large structural
rearrangements. In these gels the storage (elastic) modulus G’ is much larger
than the loss (viscous) modulus G”, while their shear modulus (G∗) is inde-
pendent of the frequency or strain applied over a large range (Figure 2.9.A).
Non-covalently crosslinked and supramolecular hydrogels present mechan-
ical properties more similar to the native ECM. Their dynamic physical linkages
allow for hydrogel structure remodeling, allowing the gel to dissipate energy
by rearranging its structure when a stress is applied. In these gels G” has a
larger contribution to G∗, and both G’ and G” show stronger frequency depen-
dency (Figure 2.9.B).
In the case of self-assembling hydrogels G’ values can be described in
terms of the size and concentration of the fibril building blocks "a" and CA,
as the hydrogel mesh size (ζ, defined as the average distance between con-






and G’ can be estimated as a function of hydrogel mesh size and the bending










KB and T are the Boltzmann constant and temperature, respectively.89
Interestingly, G’ of self-assembled hydrogels shows a stronger dependence
on network density than polymeric hydrogels, where G’ can be described as:90
G′ ≈ KBTζ−3 (2.10)
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Figure 2.9: Rheological differences in elastic and viscoelastic hydrogels. A) Elastic
gels display a linear stress–strain curve for small deformations (left panel) and shear
modulus is is frequency and strain independent (center and right panels). B) The
dynamic linkages in viscoelastic gels impart a more liquid-like behaviour to the gel,
showing hysteresis in their stress–strain curve (left panel), while the modulus displays
frequency dependence (middle panel), and many of these gels show shear-thinning
behaviour (the decrease in modulus upon the application of high strain; right panel)
[Modified from Rosales et al.82].
This scalling of G’ with the concentration of building blocks shows rela-
tively good agreement in self-assembled gels based on β-hairpin peptides91
and peptide amphiphiles.92 Tuning of hydrogels’ stiffness by increasing fil-
ament stiffnes (κ) has been demonstrated in PA-based hydrogels, in which
fiber rigidity can be tailored by supramolecular interactions;93 increasing the
strength of hydrogen bonding in the β-sheets increased stiffness values of
the resulting hydrogels,94 meanwhile introducing branched groups into the PA
building blocks weakened intrafiber hydrogen bonds resulting in a decrease in
G’.93
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Supramolecular hydrogels often exhibit shear-thinning behaviour, i.e. a de-
crease in viscosity as a result of increasing shear strain.86 When exposed to
a shear stress, the hydrogels flow with very low viscosity, while the physical
bonds between the building blocks restore their original rigidity upon the re-
moval of the stress.77 Shear-thinning is a rather desirable property for drug
delivery and tissue engineering applications as it enables the injection of hy-
drogels as well as their extrusion during printing processes.85
Mass Transport Properties of Hydrogels
The molecular architecture of both polymeric and self-assembled hydrogels
can give raise to tissue-like viscoelastic behaviour as well as diffusive trans-
port and interstitial flow, allowing mass properties like the delivery of growth
factors, drugs and nutrients as well as gas exchange, the removal of waste
products and even cell migration throughout the gel network.66
Polymeric hydrogels typically exhibit mesh sizes in a range of ∼ 4 – 30 nm,
whereas self-assembled hydrogels present mesh size values in the order of
microns,63,87 thus self-assembled hydrogels are better materials in terms of
mass transport phenomena than their polymeric counterparts.66
Hydraulic (also known as Darcy) permeability and probe diffusion coef-
ficient determinations are employed to assess mass transport phenomena
within the hydrogel matrix.63 Permeability is a measure of the ability of water
to flow through the hydrogel network under a constant pressure difference ΔP.
Permeability coefficients (K) can be derived from Darcy’s law as a function of
the volumetric water flow rate (Q) through a specific length and cross-sectional





Polymeric hydrogels exhibit permeability coefficients up to 5 orders of magni-
tude smaller than self-assembled hydrogels.63
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Diffusion coefficients of probe molecules within hydrogels provide an in-
dication of the impact of the hydrogel network on the diffusion of solutes.
Physical obstruction of the polymer chains control the solute movement in hy-
drogel network, producing an increased diffusional path length, in this fashion,
diffusion coefficients usually increase with increasing pore sizes.95
Thorough characterisation of mass transport phenomena in self-assembled
hydrogels still remains a challenge mostly due to the experimental challenges
related to the hydrogels themselves, as well as the proper choice of probe and
experimental method for its tracking.63
2.4 Peptide Amphiphiles
First reported in 2001 by the Stupp laboratory,96 PAs represent a highly promis-
ing family of self-assembling stacking peptides able to form high-aspect ratio
cylindrical nanofibers, these fibers originate hydrogels when charge density
on the supramolecular assemblies surface is low.97
Almost two decades of research on PAs have produced hundreds of high
quality papers, the goal of this section is rather to provide a general overview
of their state of the art rather than a systematic presentation of findings of
all these papers, for which the reader is kindly referred to excellent review
papers.98,55,97
2.4.1 PA Molecular Design
PAs represent a straightforward implementation of the structure-shape con-
cept.31 PAs consist of a short peptide sequence often conjugated to a hy-
drophobic tail via their N-terminus (Region 1 in Figure 2.10.A), those three to
five amino acids in the proximity of this tail often form β-sheets along the
fiber axis (Region 2), while the residues farthest from the tail are charged to
promote water solubility (Region 3) and in some cases contain a bioactive se-
quence (Region 4 in Figure 2.10.A-C).97
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This careful combination of structural features confers PA monomers with
an appropriate balance of repulsive and attractive interactions, affording wedge
shapes and cpp values suitable for cylindrical micelle formation (see Section
2.2.2 & Figure 2.10.D).59
Figure 2.10: A) Structure of a representative PA molecule with four rationally de-
signed regions (see text for details). B) Schematics of the PA molecule from A) and
C) its self-assembly into cylindrical nanofibers. D) Cryogenic Transmission Electron
Micrograph (Cryo-TEM) image and a schematic illustration of sulfated PA forming
nanofibers [Adapted from Webber et al.55 and Sato et al.97].
PA supramolecular polimerisation is kept going thanks to the careful bal-
ance of intermolecular forces held between PA monomers, hydrogen bonds
play a particular role due to their directionality and versatility.99,100 The strength
of the noncovalent interaction between PA monomers in a supramolecular
polymer implies that cooperative effects are required to observe large de-
grees of polimerisation, this implies that additional noncovalent forces must
be implied in PA nanofiber formation.99
Supramolecular polimerisation degree depends on the concentration and
affinity constant between monomers, supramolecular polimerisations tend to
exhibit a large range of affinity constants, for instance the host-guest-mediated
polimerisations reported by Huang et al. show affinity constants from 109 to
105 M-1, while hydrogen bond-driven Upy systems show Ka values from 104
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to 105.99 PA affinity constant values for PA systems have not been yet sys-
tematically quantified, yet their value is expected to fall somewhere between
this wide range as it depends on a number of factors like: ionic strength, PA
concentration,101 sample preparation protocol102 among others.
Extensive work has been done on presenting diverse moieties at the sur-
face of self-assembled PA nanofibers, including imaging contrast agents,103
biotin-avidin motifs,104 cyclic peptides,105 sulfated sugars (Figure 2.10.D),106
DNA strands17 and bioactive peptide sequences found in ECM cell adhesion
molecules, such as arginine-glycine-aspartic acid-serine (RGDS)107 found in fi-
bronectin, and isoleucine-lysine-valine-alanine-valine (IKVAV)108 found in lami-
nin.
2.4.2 PA Co-assembly
Co-assembly of two or more PAs offers a simple approach to modulate PA fiber
structure109,110 and biological function.55 Despite the widespread applications
of PAs in biomedicine, a reduced number of examples of co-assembled PA
hydrogels have been reported. Electrostatically driven co-assembly has been
demostrated as a strategy to produce co-asembled PA nanofibers made of
two oppositely charged PAs simultaneously presenting the epitopes on their
surface.111
The bioactivity, biocompatibility and tunability of PAs has motivated the
systematic study on how cellular response is influenced by the spatial presen-
tation of biological epitopes on nanofibers surface.97,112 Co-assembling of a
bioactive PA with a short and nonbioactive PA has been leveraged to enhance
spacing of bioactive epitopes for optimal recognition of proteins or receptors
as this diluent non-bioactive molecule facilitates the display of the epitope on
the fiber surface.113
This strategy has been employed for spacing RGDS motifs along nanofi-
bers and thereby maximizes cell adhesion to PA nanostructures.114 Also, in a
study by Sur et al. RGDS motifs have been systematically separated from PA
nanofibers surface by one, three, or five glycine residues, finding the strongest
effect on cell morphology in PAs with the longest spacer with a resulting strong
adhesion between cells and substrate.115
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2.4.3 PA Hierarchical Self-assembly
PA nanofibers have been shown to allign into monodomain viscoelastic strings
over centimeters long as a result of a thermal annealing and their mechanical
dragging into salty media (Figure 2.11.A) .18 These noodle-shaped viscoelastic
strings are highly bioactive and can actually dictate growth direction of neu-
rites from neurons when formed with epitope-displaying PAs.116 Studies of this
nature have demonstrated the possibility to organise PA-based materials in a
hierarchical fashion (Figure 2.11.B & C).
Figure 2.11: PA viscoelastic string formation. A) A PA solution dyed with trypan
blue extruded into a buffered saline solution after annealing. B,C) Scanning electron
micrographs (SEM) images of aligned PA fibers within macroscopic strings made by
dragging annealed PA solutions into salty media [Adapted from Zhang et al.18].
Beyond their assembly into nanofibers and related nanostructures the strat-
egy of coassembling PAs with supramolecular building blocks of significantly
higher molecular weight has been harnessed to develop complex multicompo-
nent hydrogels and particularly high-order PA architectures of biomedical in-
terest,98 not only for their morphological organization but also for their chem-
ical gradients, hierarchical organisation, and dynamic properties such as self-
healing.21
Two remarkable examples are herein presented, both systems are based
on the interaction of positively charged PAs and either a negatively charged
polysaccharide (hyaluronic acid (HA)) or polypeptide (elastin-like polypeptide
(ELP)).
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Stupp and coworkers reported the formation of a highly ordered membra-
nous architecture arising at the liquid-liquid interface between a solution of
a cationic PA (K3-PA, see page 72) and another of high molecular weight
hyaluronic acid (HA).117 Upon contact, PA and HA molecules immediately as-
semble into a membrane driven by a dynamic synergy between osmotic pres-
sure of ions and static self-assembly.98 This membrane exhibits three well-
defined regions including: (1) an amorphous region formed on the side of the
membrane with HA, (2) a dense fibrous network, and (3) a region made from
perpendicular fibers growing toward the PA side (Figure 2.12.E).
Figure 2.12: HA-PA co-assembly. A) Schematics of the formation of the co-
assembled HA-PA sacs. Formation mechanism of the structure includes the B) pen-
etration of HA stubs (in red) through the diffusion barrier formed at the interface
between the two solutions, C) the self-assembly of PA nanofibers (in blue) initiated
by the stubs, and the D) growth of the nanofibers perpendicular to the interface over
time E). Microstructure of a cross section of the co-assembled membrane showing a
distinctive three-layered architecture [Adapted from Capito et al.117].
When the HA solution is embedded within a larger PA solution, the mem-
brane forms around the HA drop, generating a closed sac (Figure 2.12.A). The
system forms by rapidly creating a diffusion barrier at the HA-PA interface,118
which allows the establishment of an osmotic gradient that acts as driving
force for the extrusion of HA fibers through the interfacial PA layer (Figure
2.12.B-D). The membrane is permeable to other biomolecules and can sup-
port growth and differentiation of mesenchymal stem cells (MSCs) into chon-
drocytes.21
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Another example of a hierarchical architecture based on a positively char-
ged PA and a negatively charged macromolecule is based on elastin-like poly-
peptides (ELPs).119 This polypeptide comprised four domains based on the
pentameric sequence VPGXG (with X being isoleucine (I), valine (V), or glu-
tamic acid (E)) derived from natural elastin while also included a fifth domain
with the cell adhesion RGDS motif derived from fibronectin.
When a small volume of PA solution is immersed in a large volume of an
ELP solution, a dynamic interfacial assembly spontaneously develops, and a
closed membrane is formed, entrapping the PA solution inside it and leaving
the ELP solution outside (Figure 2.13).
Figure 2.13: ELP-PA co-assembly. A) Effect of using two different PAs in the coassem-
bly with an ELP. The charged nature of PAs proved to strongly affect its ability to pro-
voke conformational changes in the ELP molecule, thus finally leading to either static
(when a two lysine residues bearing PA is used) or dynamic systems (when a three
lysine residues bearing PA is used). B) Dynamic self-assembly ELP-PA-based system
to grow tubular vascular-like scaffolds and time evolution of an ELP/PA co-assembly
from a closed membrane into a tube-like geometry is shown. C) On-demand growth
of side tubes by touching and displacing the membrane. D) Human umbilical vein
endothelial cells (hUVECs) attached inside and outside the tubes. E) Mouse adipose-
derived stem cells (mADSCs) spread on the inner side of the co-assembled tubular
structure [Modified from Inostroza-Brito et al.119].
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Shortly after the formation of the structure and upon contact with a surface,
the membrane opens, adheres, and seals to the surface, creating a tubular
structure (Figure 2.13.B & C). Small-angle X-ray scattering (SAXS) and scan-
ning electron microscopy (SEM) have demonstrated that the coassembly pro-
cess in this case is determined primarily by conformational changes of the ELP
triggered by coassembly with PA molecules.
This work demonstrates that by slightly modifying the PA sequence, it
is possible to access different coassembling processes, which in turn gener-
ate different hierarchical structures -and consequently- biomaterial properties
(Figure 2.13.B). The most remarkable assets of this ELP-PA system are its ca-
pability to access nonequilibrium for substantial periods of time as well as to
enable growth and morphogenesis into vascular-like tubular structures that
can serve as scaffolds for tissue engineering without the use of molds or tem-
plates (Figure 2.13.D & E).
2.4.4 PAs Biomedical Relevance
Materials originated by PA self-assembly have been proved functional for tis-
sue engineering, regenerative medicine and cancer therapy,98 mostly owed
to their ability to interact with cells through a high density of surface signals
as to mimic biomechanical aspects of the ECM.120
PA-based systems have been developed to stimulate specific biological pro-
cesses such as in vitro cell migration121,122 and differentiation of progenitor
cells into neurons (while suppressing the development of astrocytes),108 and
in vivo regeneration of axons,123 blood vessels,124 bone,125 enamel,126 and
cartilage.127
Recent works report on the in vitro tumoricidal activity of the cationic α-
helical (KLAKLAK)2 peptide (known to induce cancer cell death by membrane
disruption) attached to PA nanofibers, as well as in vivo reduction of tumor
cell proliferation and tumor growth in a mouse xenograft model of breast can-
cer.128 Lastly, PA-based hydrogels are able to reversibly reprogram the phe-
notype of neural cells.17
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2.5 Host-Guest Interactions & Biomaterials
Macrocyclic host–guest interactions are one of the most recognizable motifs
in supramolecular chemistry,32 the characteristic feature of these interactions
is a macrocycle host container with a cavity that harbours small molecules,
pharmaceuticals and biomolecules in it.129
All together, the specificity of host–guest interactions plus the ability to
tune their strength (Figure 2.14.C) and directionality of this kind of interaction
by selection of the guest, enable excellent control when designing supramolec-
ular materials using host–guest binding to facilitate cross-linking.31
Figure 2.14: Schematic representations of A) cyclodextrins and B) cucurbit[n]urils.
C) Ranges of binding affinities between cyclodextrins and CB[n]s and suitable guests
(AD: Adamantane, FC: Ferrocene) [Modified from Mann et al.32 and Yu et al.129].
As mentioned in Section 2.2.1, host-guest interactions constitute appealing
molecular recognition motifs given the high affinity and range of interaction
strengths achievable through different host-guest pairs. Decades of synthetic
efforts have produced a myriad of man-made macrocyclic hosts: crown ethers,
cyclophanes, catenanes, porphyrins, cryptophanes, carcerands, and cavitands
such as calix[n]arenes, and cucurbit[n]urils (CB[n], as well as the naturally
ocurring cyclodextrins (CD).129,130
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Cyclodextrins and cucurbit[n]urils are the most studied host-guest sys-
tems in biomaterials design and plenty of applications. For instance, cy-
clodextrins are extensively used in food industry, drug delivery, theranostics
(specific targeted therapies based on specific targeted diagnostic tests), pro-
tein and surface modification, 3D printing and smart hydrogel design (Figure
2.14.A&B).129,31 While cucurbit[n]urils are employed in household products,131
pharmaceutical formulations,132 and clean up of waste streams.133
Cyclodextrins and cucurbit[n]urils are biocompatible macrocycles and are
already utilized in real-world applications, therefore, they are produced in in-
dustrial scale. Moreover, the incorporation of various functional groups is bet-
ter established for CD systems than other aqueous host systems, which ren-
ders them optimal candidates for covalent functionalisation of macromolecules.130
Synthetic polymers (such as PAM)134 or naturally ocurring biopolymers (such
as HA)135 routinely used as part of biomaterials and polymeric hydrogels (Sec-
tion 2.3.2) can be grafted with either a macrocylic host or its complementary
guest partner to prepare non-covalently cross-linked hydrogels (Figure 2.6).136
When host and guest-functionalised polymers are present in the same bulk
hydrogel the dynamic and reversible host-guest binding endows the material
with self-healing and shear-thinning properties.32
To date, hydrogel systems based on the co-assembly between multiple
types of macromolecules have been less explored than those between smaller
size components. While the majority of these materials include synthetic poly-
mers,137 there is an important number of protein138,139 or polysaccharide-
based ones.140 Incorporation of cyclodextrins is next discussed in Section
2.5.1 and the use of cucurbit[n]urils in supramolecular hydrogels will be pre-
sented in Section 2.5.2.
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2.5.1 Cyclodextrin-based Biomaterials
Cyclodextrins (CDs) are naturally occurring macrocyclic oligosaccharides, typ-
ically composed of 6, 7 or 8 D-glucose repeating units (forming α-, β- or γ-CD,
respectively) coupled through α-1,4-glucosidic linkages that endow a macro-
cycle (Figure 2.14.A).130
CD’s 3D structure can be approximated to a truncated cone positioning the
primary hydroxyl groups on the smaller rim, as the inner cavity presents a hy-
drophobic environment it is suitable to host small hydrophobic molecules. This
complexation is mainly driven by hydrophobic and van der Waals interactions,
although the release of CD ring strain and formation of hydrogen bonds with
CD hydroxyl groups also play a role in some cases.73
Frequent guest molecules for CD systems include adamantane, ferrocene,
azobenzene, cholesterol and bile acid derivatives, as well as hydrophobic
drugs.130,129 The most frequently utilized guest group for βCD is adaman-
tane (Ada), which fits very efficiently into its cavity (log K = 5.04).141 Perhaps
the most important property of CD-guest complexes is their responsive nature
to a variety of stimuli (Figure 2.15).130
Figure 2.15: Stimuli-resposiveness character of CD-host complexes. A) Thermore-
sponsive adamantane complex, B) Redox-responsive ferrocene complex, C) Colour-
changing phenolphthalein complex, D) Metal-ion-responsive bipyridine complex, E)
pH-Responsive benzimidazole complex, and F) Light-responsive azobenzene complex
[Modified from Schmidt et al.130].
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Inclusion complex formation by CDs has been utilised as a reversible bind-
ing motif for the development of non-covalently cross-linked polymeric net-
works, these polymeric systems have been investigated in pharmaceutical and
biomedical applications as drug delivery systems and biocompatible scaffolds
for tissue engineering and medical diagnostics.73,77 PAM,142 PEG multi-arm
star polymers,143 poly(sodium acrylate) co-polymers,144 poly(lysine),145 and
poly(acrylic acid)76 (see Figure 2.5.C) are just a few examples where hydrogels
have been developed by the covalent attachment of a CD host to a polymer
chain and mixing with a similarly functionalised guest-containing polymer.130
Figure 2.16: 3D-printing with a β-CD/Ada-HA ink A) Conjugation of adamantane (Ad,
guest) and β-cyclodextrin (CD, host) to hyaluronic acid (HA). B) Illustration of the
extrusion of a supramolecular ink (red) into a supramolecular support gel (green). (C)
Printing of a spiral red-labeled gel spiral around a green-labeled filament embedded
in an unlabeled support gel [Modified from Highley et al.135].
Burdick and coworkers reported the use of one-step functionalised HA hy-
drogels with either Ada or β-CD moieties to create a material that exhibited
self-healing and shear-thinning behaviours, which has enabled its use as an
“ink” for 3D printing (Figure 2.16.A). The system requires that the hydrogel
is directly linked into another self-healing “support” gel; this is possible due
to the quick formation of the inclusion complex between the printed and the
support gels mediated by host-guest interactions (Figure 2.16.B). The printed
material displays remarkable control of structural complexity and can support
the concomitant culture of multiple cell types (Figure 2.16.C).135
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2.5.2 Cucurbit[n]uril-based Biomaterials
Cucurbit[n]urils (CB[n], n = 5–8, 10) are synthetic macrocyclic oligomers based
on repeating monomer units of glycoluril.146 Unlike CDs, CB[n]s present two
identical portals surrounded by ureido-carbonyl groups that lead access to
their hydrophobic cavity (Figure 2.14.B).147,32
A complex interplay of intermolecular interactions turn CB[n]s into ideal
recognition motifs for molecular binding, on one side there is an important
interplay between the release of ‘high-energy’ water molecules upon inclusion
of non-polar organic guests and concomitant van der Waals interactions inside
the cavity, similar to CDs, CB[n] rims are also involved in hydrogen bonding
formation upon guest inclusion.73,129
Increasing amount of glycoluryl repeating units in CB[n]s originates increas-
ing sizes of both the inner cavity and the distance between portals, result-
ing in different molecular recognition properties within the CB[n]s family.146
The smallest, CB[5], can encapsulate gases and metal cations, CB[6] can
bind to them too, in adition to protonated aminoalkanes (for instance, 1,6-
diaminohexane (or spermine in Figure 2.14.C) yields a 1:1 complex with Keq
up to 1012M−1).148 CB[7] forms strong 1 : 1 complexes with positively charged
amphiphilic guests including Ada, FC, and p-xylylene amino derivatives, as
well as viologen.147
Figure 2.17: A) Phenylalanine-bearing polysaccharides (HA, hydroxyethyl cellu-
lose, and carboxymethyl cellulose) for binding of CB[8]. B) Schematic showing the
coassembly of the modified polysaccharides and CB[8] triggering hydrogel forma-
tion. (C) Turbid hydrogel formed by modified HA and CB[8] [Modified from Rowland
et. al140].
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In contrast to CB[5–7], the cavity of CB[8] is large enough to originate
ternary complexes by harbouring two organic guests simultaneously.146,129
Several recognition motifs have been described as part of ternary complexes
with CB[8], including naphthalene derivatives,73,129 viologen,147 as well as
amino acids like tryptophan and phenylalanine.149
This CB[8] ability to bind two guests simultaneously has been utilised for
the reversible assembly of supramolecular diblock copolymers,150 protein dimeri-
sation,151,152 and the assembly of supramolecular glycopolymers153 and poly-
meric hydrogels.136,73,32
Appel and co-workers reported in 2010 the first example of a supramolec-
ular polymeric hydrogel based on CB[8]–viologen/naphtoxy inclusion com-
plexes.154 Ever since the Scherman laboratory has devoted significant efforts
to study the thermodynamics and kinetics of physically cross-linked hydrogels
prepared by mixing polymers containing pendant guest motifs with freely dif-
fusible CB[8] units to form ternary complexes (Figure 2.2.B).32
For instance, the system based on pendant phenylalanine residues at-
tached to HA and cellulose derivatives presented in Figure 2.17.A,140 where
the host-guest complexation and further electrostatic interactions stabilize the
supramolecular complex that holds the macromolecular chains together and
thus enable the establishment of the hydrogel (Figure 2.17.B&C).140
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2.6 Perspective and Opportunities
This review chapter has featured the diversity and potential of supramolecular
building blocks and the possibilities that their careful tuning and design offer
to develop molecularly precise biomaterials.
There is an increasing interest to develop supramolecular strategies capa-
ble of generating more complex and functional materials. The herein reviewed
examples demonstrate that a range of combinations of covalent and non-
covalent polymeric architectures can be used to fabricate with self-assembly-
based materials. In this chapter it has been described how approaches based
on self-assembling multiple types of components are establishing new routes
to achieve this goal. These systems are enabling new molecular interactions,
more diverse structures, higher levels of functionalities, and ultimately new
and innovative properties.
Each one of the co-assembling approaches herein discussed offers different
advantages and are also subjected to different challenges. The broader oppor-
tunities for design and function that emerge by combining multiple types of
supramolecular building blocks are also subjected to a higher need for control
and predictability. In particular, self-assembled hydrogels and their promising
biomedical and tissue engineering applications offer possibilities to improve
their design in order to boost their dynamic morphological and spatiotemporal
ECM mimicking capacities.
For instance, no system is reported in the literature that merges the two
supramolecular formation mechanisms described in Figure 2.2, i.e. supramo-
lecular crosslinking via molecular recognition motifs and supramolecular stack-
ing biomaterials like peptide amphiphiles. Nonetheless, embracing higher lev-
els of complexity that co-assembling different kinds of self-assembling sys-
tems comprise, will enable new discoveries and push the boundaries of com-
plex biomaterials design.
These identified opportunities were used to refine the thesis statement
(Section 1.2) into the final thesis aim and objectives as presented in the fol-




This brief chapter provides the aims and objectives for the experimental sec-
tion, stating how this dissertation pursues integration of host-guest interac-
tions into new families of self-assembling hydrogels.
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3.1 Aim
The aim of this thesis is to generate novel self-assembling peptide platforms
that combine the dynamic and molecular recognition features of host-guest in-
teractions and the benefits of peptide amphiphile capacities towards hydrogel
scaffolds with improved functionality and stability.
3.2 Objectives
Objective 1
Synthesise and characterise cationic complementary PA molecules bearing
adamantane and β-cyclodextrin motifs. Focus on the establishment of
host-guest interactions among this pair. Determine the possibility to formu-
late co-assembled hydrogels with tunable stability and mechanical properties
based on the non-covalent binding of the host-guest pair. Determine the suit-
ability of these hydrogels as scaffolds for tissue engineering and regenerative
medicine applications.
Objective 2
Synthesise and characterise anionic PA molecules bearing adamantane mo-
tifs as binding sites to β-cyclodextrin-derivatives. Determine the most suit-
able guest-bearing molecule to incorporate in a co-assembled hydrogel. For-
mulate co-assem-bled hydrogels incorporating the non-covalent tethering of
the adamantane units and a β-cyclodextrin-RGDS derivative. Determine the
suitability of these hydrogel scaffolds to display bioactivity in order to control
cell adhesion for tissue engineering and regenerative medicine applications.
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Objective 3
Synthesise and characterise phenylalanine and tryptophan-bearing PA mole-
cules suitable for homoternary binding with cucurbit[8]uril CB[8]. Develop
a proof-of-concept study on PA hydrogel formation via dynamic non-covalent
dimerisation. Compare this novel PA hydrogelation mechanism to the con-
ventionally ion-based method. Study the suitability of these co-assembled










Based on a Complementary
Cationic Host-Guest Peptide
Amphiphile Pair
Figure 4.1: Schematics showing the host-guest PA hydrogels concept.
This chapter presents the development of supramolecular hydrogels based on
β-Cyclodextrin•Adamantane interactions between cationic PA molecules. The
rationale behind the molecules’ design is firstly presented, then their supramolec-
ular study and incorporation into hydrogels of biomedical relevance, lastly the
functionality of the resulting gels is demonstrated.
This study has been published in:
Redondo-Gómez, C.; Abdouni, Y.; Becer, C. R.; Mata, A. Self-Assembling Hy-
drogels Based on a Complementary Host–Guest Peptide Amphiphile Pair.
Biomacromolecules, 2019 20 (6):2276-2285.155
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4.1 Overview
Supramolecular polymer-based biomaterials play a significant role in current
biomedical research. In particular, PAs represent a promising material plat-
form for biomedical applications given their modular assembly, tunability, and
capacity to render materials with structural and molecular precision. How-
ever, the possibility to provide dynamic cues within PA-based materials would
increase our capacity to modulate their mechanical and physical properties
and consequently enhance their functionality and broader use.
In this chapter, the synthesis of a cationic PA pair bearing complementary
Ada and β-CD host-guest cues and their capacity to be further incorporated
into self-assembled nanostructures are presented.
The possibility of these recognition motifs to selectively bind is presented,
enabling noncovalent cross-linking between PA nanofibers, and endowing the
resulting supramolecular hydrogels with enhanced mechanical properties, in-
cluding stiffness and resistance to degradation, while retaining in vitro bio-
compatibility. The incorporation of the host-guest PA pairs in the resulting hy-
drogels allowed not only for macroscopic mechanical control from the molec-
ular scale but also for the possibility to engineer further spatiotemporal dy-




Over the past decade, supramolecular chemistry has increasingly facilitated
the design of a wide variety of functional biomaterials with enhanced precision
and versatility.30,27 In particular, self-assembling approaches offer modular-
ity, tunability, and the possibility to engineer macroscopic properties through
molecular modifications.32
These characteristics arise from the reversible nature of the noncovalent
interactions that hold self-assembling biomaterials together, and allows for
their ability to assemble in a modular and controllable fashion.31 Based on
these principles, a wide variety of self-assembling systems have been reported
based on for example polymers,135 peptides,156 proteins,139 DNA,157 peptide
derivatives,158 and conjugates of them.17
PAs are a particularly promising family of self-assembling peptides, which
are programmed to assemble in aqueous environments. These molecules
comprise a lipid hydrophobic component, a β-sheet forming peptide segment,
and charged amino acid residues that provide water-solubility and the pos-
sibility to carry bioactive sequences (see Figure 2.10).96 The dispersive in-
teractions among the hydrophobic tails and the establishment of a hydrogen
bonding network between the oligopeptide segments drive the self-assembly
processes of PAs in a cooperative fashion, yielding ordered and micrometre-
long 1D structures.98
As the resulting supramolecular network assembles, a nanofibrous hydro-
gel forms, which can be designed to mimic both structural and functional fea-
tures of the natural ECM.159 These biomimetic systems have been developed
to stimulate specific biological processes such as cell migration121,122 and dif-
ferentiation108 in vitro as well as in vivo regeneration of axons,123 blood ves-
sels,124 bone,125 and cartilage.127
Hydrogels (see Section 2.3) are attractive materials for biomedical applica-
tions given their molecular-scale control over mechanical and bioresponsive
properties.7,6 While stiffness has been shown to be a key hydrogel parameter
to control and drive cell response,2,160,161 its tunability remains challenging.
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Traditional approaches to tune hydrogel stiffness have mostly relied on
modifying either gel concentration or crosslinking density, which can concomi-
tantly modify porosity, network connectivity, and consequently affect bioac-
tivity and degradation.62
Therefore, other approaches that can selectively control stiffness without
affecting other hydrogel parameters would enhance the precision and versatil-
ity with which these biomaterials are designed. In particular, supramolecular
hydrogels represent an attractive platform to enable such capability due to
both the dynamic binding of their molecular components and the weak non-
covalent nature of their interactions.162
The last three decades have witnessed the use of macrocyclic host-guest
interactions to endow materials with dynamic, reversible, and responsive prop-
erties (see Section 2.5).163 CDs constitute one of the best studied supramolec-
ular hosts as they exhibit good biocompatibility, degradability, and a wide
repertoire of functional groups that render their conjugation with biomacro-
molecules.130 The strength and specificity of the CD–guest interaction enables
excellent control over material functionality when designing both covalent76
and supramolecular164 polymer-based materials.
β-Cyclodextrin (βCD) comprises seven α-D-glucopyranoside units linked by
(α→1,4)-glycosidic bonds, rendering a truncated cone structure with a hy-
drophilic exterior surface and a hydrophobic interior cavity. This structure is
suitable for association with hydrophobic guest motifs of appropriate size and
polarity such as Ada derivatives.130,165,166,167
A number of CD/Ada peptide-based systems have proven functional as
soft materials,168 delivery devices,169,170 and chemo-171 and bio-sensors.172
However, to our knowledge, both the benefits and functionalities of this host-
guest pair have not yet been translated into PA self-assembled hydrogels.
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As a strategy to ameliorate the control of mechanical properties of PA hy-
drogels, we herein report a new family of supramolecular hydrogels prepared
through the noncovalent crosslinking between PAs bearing either βCD or Ada
host-guest motifs. We describe the synthesis of both cationic isostructural
PA conjugates, the underlying mechanism of both peptide self-assembly and
host-guest complexation, as well as the resulting properties of assembled hy-
drogels. Furthermore, the potential biofunctionality of the system is demon-
strated using cell-culture experiments.
4.3 Host-guest PAs self-assembly
4.3.1 Design and rationale of host-guest PA molecules
The main goal of this work was to generate a molecularly-designed functional
hydrogel that exhibits the benefits of both peptide self-assembly and host-
guest interactions. The covalent incorporation of host-guest motifs took place
by synthesizing two PA-conjugates bearing either a βCD residue (K3G3-βCD-
PA, host-PA) or an Ada residue (K3G3-Ada-PA, guest-PA). Both K3G3-βCD-
PA and K3G3-Ada-PA conjugates are isostructural to the well-characterised
cationic K3-PA, which we employed as a control (Table 4.1).







∗ As can be inferred by the schematics above, K3G3-βCD-PA and K3G3-Ada-
PA exhibit slightly larger sizes than K3-PA. In this fashion, fibers formed by the
latter are expected to be around 8 nm in diameter,173 meanwhile the former
ones are expected to be around 10 - 11 nm.
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These new host-guest derivatives comprise a hydrophobic palmitoil tail
(C16-), an oligopeptide motif with a strong tendency to form β-sheets
(-V3A3-), an ionizable region that is also responsible for further hydrogelation
(-K3-), a triglyine spacer (-G3-) to enhance further fiber display of the host-
guest cues, and a 1,2,3-triazole linker that positioned the corresponding βCD
and Ada residues nearby the C-terminus of the respective PA (Figure 4.2).
Figure 4.2: Molecular structures of the peptide amphiphile (PA) molecules reported
in this chapter. The complementary host-guest PA pair is represented by K3G3-βCD-
PA and K3G3-Ada-PA. The former bears a β-cyclodextrin moiety and acts as the
host-PA, while the latter bears an adamantane residue and acts as the guest-PA. Both
peptides are isostructural to K3-PA.
4.3.2 Host-Guest PAs purity and characterisation
Both K3G3-βCD-PA and K3G3-Ada-PA derivatives were synthesised using solid
state peptide synthesis (SSPS) followed by further copper(I)-catalysed alkyne–
azide cycloaddition (CuAAC) coupling, also known as the Huisgen reaction.174
Extensive details on their synthesis routes and purification steps can be found
in Section 4.12.1 of this thesis.
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Host-PA K3G3-βCD-PA was obtained with 93% sequence purity, and both
ESI-MS and MALDI-TOF-MS provided mass confirmation of the conjugate: 860.53
[M+3H]3+, 1289.6 [M+2H]2+, and 2598.3 [M+Na]+ (Figure 4.3). Guest-PA
K3G3-Ada-PA purity was found to be close to 94% and presented three main
ionisation adducts on ESI-MS: 797.7 [M+2H]2+, 1594.3 [M+H]+ and 1615.3
[M+Na]+ (Figure 4.4).
Figure 4.3: Purity and molecular weight confirmation for K3G3-βCD-PA. A) RP-HPLC,
B) ESI-MS and C) MALDI-TOF-MS traces.
Filler-PA K3-PA was obtained with 96% purity and its ESI-MS spectrum
showed three main ionisation adducts: 576.2 [M+2H]2+, 1150.1 [M+H]+ and
1173.1 [M+Na]+ (Figure 4.4).All of these results are briefed in Table 4.2.
It is worth mentioning that in all PAs presented in this chapter there can
be found the presence of either a trifluoroacetate (TFA) or a chloride counte-
rion, therefore, all purity values represent sequence purities. Though all con-
centrations must require a slight correction due to this effect, the traditional
approach used to report concentrations was followed.
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Figure 4.4: Purity and molecular weight confirmation for K3G3-Ada-PA and K3-
PA. Panels A,C) RP-HPLC and B,D) ESI-MS correspond to K3G3-Ada-PA and K3-PA
respectively.
4.3.3 Fiber forming individual PA molecules
Transmission electron micrographs (TEM) revealed that both host-guest PAs
self-assemble individually into nanofibers when dissolved in water in a micro-
molar concentration range (Figures 4.5.A & 4.6.A). While both K3G3-βCD-PA
and K3G3-Ada-PA exhibited comparable fiber diameters (9.8 ± 1.4 nm and
9.6 ± 1.3 nm, respectively) their length varied significantly (184 ± 130 nm and
666 ± 386 nm, respectively) and both exhibited shorted lengths compared to
conventional micrometer-long PA fibers (Figures 4.5.B,D & 4.6.B,D).
This length shortening suggests that the allocation of bulky/hydrophilic
βCD or small/hydrophobic Ada residues on the surface of the PA nanostruc-
tures may originate packing disruptions, resulting in shorter self-assembled
fibers.
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Table 4.2: Chemical characterisation of the herein reported cationic peptide am-
phiphiles.
Peptide Molecular mass Found mass ζ Purity
(g/mol) (m/z) (mV, ∇) (%, ♯)
K3G3-βCD-PA 2575.34 2598.3 [M+Na]+ ∗ 20.4 ± 3.6 93
K3G3-Ada-PA 1594.12 1611.53 [M+Na]+ ∅ 28.2 ± 4.5 94
K3-PA 1150.61 1150.1 [M+H]+ ∅ 24.2 ± 3.6 96
Notes:
∗ Determined through MALDI-TOF,
∅ Determined through ESI-MS,
∇ Determined from a 0.01 wt% solution in water at pH 7,
♯ Assessed through RP-HPLC.
Despite this potential intrusion in fiber formation, zeta potential (ζ) mea-
surements revealed that both self-assembled K3G3-βCD-PA and K3G3-Ada-
PA fibers exhibit a net positive charge along a wide range of pH values, sug-
gesting that the presence of the host-guest motifs does not intrude on the
surface display of the positively charged lysine residues once the fibers have
assembled (Figures 4.7.D & 4.8.D).
Figure 4.5: Characterisation of K3G3-βCD-PA nanofibers. A,C) TEM micrographs of
K3G3-βCD-PA fibers in water (scale bars = 500 mm and 250 nm in panels A and C
respectively, [K3G3-βCD-PA] = 38 μM) B,D) Fibre diameter and length distributions.
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Figure 4.6: Characterisation of K3G3-Ada-PA nanofibers. A,C) TEM micrographs
of K3G3-Ada-PA fibers in water (scale bars = 1 μm and 250 nm in panels A and C
respectively, [K3G3-Ada-PA] = 63 μM) B,D) Fibre diameter and length distributions.
4.3.4 K3G3-βCD-PA secondary structure in water and HEPES
It is agreed that the assembly of PAs into fibers in aqueous environments is
driven by both the hydrophobic association of the alkyl tail and the cohesive
formation of a regular hydrogen bonding network (i.e. β-sheets). Interestingly,
circular dichroism (CD) measurements revealed that K3G3-βCD-PA fibers do
not attain the expected β-sheets in water at 25 ºC (Figures 4.7.A & 4.9.A) but
rather a β-turn-like secondary structure.175
Formation of β-turn-like secondary structures might involve the interaction
of at least two K3G3-βCD-PA molecules and could be attributed to the com-
plexation of a C16 tail from a PA molecule into the cyclodextrin cavity of a
second one. Some evidence of this alkyl tail complex formation was gath-
ered through NOESY experiments, though a full spectroscopic study of this
kind remains elusive due to the limitations of this technique in this type of
macromolecular systems (see page 93).
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Figure 4.7: Self-assembly of K3G3-βCD-PA into nanofibers in aqueous media. A)
Circular dichroism (CD) spectra and B) transmission electron microscopy (TEM) im-
ages of K3G3-βCD-PA [38 μM] in water (black) and C) HEPES buffer (red). D) Zeta
potential (ζ) measurements of solutions of K3G3-βCD-PA in water (n = 3, mean ±
s.d., * marks the PA isoelectric point).
Compared to a classical PA such as K3-PA,19 the geometrical packing pa-
rameters in K3G3-βCD-PA have been modified by the presence of the volumi-
nous βCD motifs at the C-terminus (see Section 2.2.2 and Figure 2.4).
It can be speculated that allocating these moieties at the surface of the
self-assembled nanofibers could restrict the peptide backbone and promote
the observed β-turn conformation (Figure 4.7.A) as reported in dipalmitoylated
PA systems.176
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Figure 4.8: Self-assembly of K3G3-Ada-PA into nanofibers in aqueous media. A)
Circular dichroism (CD) spectra and B) transmission electron microscopy (TEM) im-
ages of K3G3-Ada-PA [63 μM] in water (blue) and C) HEPES buffer (green). D) Zeta
potential (ζ) measurements of solutions of K3G3-Ada-PA in water (n = 3, mean ±
s.d., * marks the PA isoelectric point).
Interestingly, these β-turns could be switched to a random coil conforma-
tion when assembled at room temperature and under physiological conditions
(i.e. in HEPES pH 7.4, [NaCl] = 0.9 wt%), maintaining a fibrous morphology
and exhibiting a slight tendency to form bundles (Figures 4.7.C & 4.9.A).
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Figure 4.9: Conformational changes of K3G3-βCD-PA and K3G3-Ada-PA as a func-
tion of temperature and pH. A) Temperature dependent CD spectra of K3G3-βCD-PA
and B) K3G3-Ada-PA in water. C) pH dependent CD spectra of K3G3-βCD-PA and D)
K3G3-Ada-PA in water.
4.3.5 K3G3-Ada-PA secondary structure in water and HEPES
In contrast, CD investigations revealed that K3G3-Ada-PA nanofibers exhib-
ited well-defined β-sheet conformations in both water and HEPES buffer (Fig-
ure 4.8.A).
One interesting aspect related to changes in the pKa values of lysines in
K3G3-Ada-PA was found during pH-dependent zeta potential experiments.
When one compares the variation of zeta potentials of both K3G3-βCD-PA
(Figure 4.7.D) and K3G3-Ada-PA (Figure 4.8.D) it is possible to observe differ-
ences in zeta potential changes over different pH values, the K3G3-βCD-PA
system showed a smooth decrease in zeta values and beyond pH 12 zeta po-
tential dropped to practically zero as expected for lysine containing peptides,
whose pKa value is close to 10.76.177
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In the case of K3G3-Ada-PA zeta potential values did not drop all at once
at values close to the expected pKa value of 10.76, but they exhibited two
main jumps, one before pH and another after pH 12 (Figure 4.8.D) suggesting
that lysine residues in K3G3-Ada-PA might exhibit two different pKa values.
It is well known that some structural factors can modify the pKa of side chain
aminoacid residues, such as small conformational reorganisation or changes
in the environment surrounding the ionisable groups,178 though these changes
have usually reported in larger protein systems.179 Perhaps some computa-
tional studies might throw some light on this phenomenon in the particular
case of the slightly hydrophobic K3G3-Ada-PA derivative.
TEM micrographs revealed that while single K3G3-Ada-PA fibers exist in
water and HEPES buffer at low concentration regimes (Figure 4.11), at higher
concentrations these fibers tend to bundle into small fibrils, that eventually
appear to coalesce into larger raft-like objects of heterogeneous morphology
and size (Figures 4.8.C & 4.11), similar to the nanosheets reported by Nam et
al.180
It is speculated that these structures form through van der Waals inter-
actions amid adjacent Ada residues. In an attempt to dismantle these rafts
it was found that 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) dissolves them to
completion. CD spectra of K3G3-Ada-PA shows that in 100% HFIP media the
peptide exists as free monomers, while increasing the concentration of water
promotes assembly of K3G3-Ada-PA into the rafts (Figure 4.10), similar re-
sults have obtained with other PA systems,181 however, further investigations
on the nature of this peptide rafts formations are required.
Both K3G3-Ada-PA and K3G3-βCD-PA exhibited temperature-driven con-
formational changes in accordance to previous studies,182 Figure 4.9 shows
that our system might retain a substantial content of their native secondary
structure at physiologically relevant conditions. These results demonstrate
that incorporation of small hydrophobic moieties in K3G3-Ada-PA fibers does
not significantly affect the peptide backbone conformation in aqueous envi-
ronments, but can lead to fiber bundling at higher concentration regimes.
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Figure 4.10: Circular dichroism (CD) spectra of K3G3-Ada-PA dissolved in different
fractions of HFIP/water [K3G3-Ada-PA] = 63 μM.
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Figure 4.11: Micrographs showing the diversity of sizes and shapes of the peptide
rafts formed by K3G3-Ada-PA in HEPES buffer. A,B) TEM images of the rafts. C,E)
Epifluorescence micrographs of stained rafts using Nile Red or D,F) 6-deoxy-6-[(5/6)-
fluoresceinylthioureido]-β-cyclodextrin (FITC-β-CD) as fluorescent probes (scale bars
= 200 μm and [K3G3-Ada-PA] = 400 μM for panels A-D & scale bars = 50 μm and
[K3G3-Ada-PA] = 150 μM for panels E,F).
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4.4 Tracking adamantyl residues on K3-PA/K3G3-Ada-
PA co-assembled nanofibers
The possibility to track Ada residues in co-assembled nanofibers was explored,
for this purpose β-Cyclodextrin capped gold nanoparticles (βCD-AuNPs) were
synthesised as detailed by Shi and co-workers (Figure 4.12).183 UV-Vis
spectroscopy investigations revealed a λspr = 514 nm, Thermogravimetric
analysis (TGA) indicated a functionalisation degree of about 210 βCD units
attached per Au nanoparticle, while analysis of TEM micrographs indicated
a βCD-AuNPs size distribution of about (5.6 ± 0.9) nm (Figure 4.13) in good
agreement with previous reports.183
Figure 4.12: β-Cyclodextrin capped gold nanoparticles (βCD-AuNPs). A) Preparation
of βCD-AuNPs and further complexation with K3G3-Ada-PA. B) Decoration of self-
assembled K3G3-Ada-PA nanofibers with βCD-AuNPs.
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PA samples were incubated with an excess of βCD-AuNPs were incubated
at room temperature, and further imaged on TEM via negative staining, the
resulting images are presented in Figure 4.14. Figure 4.14.A shows pristine
K3G3-Ada-PA, while panels B-C evidence how βCD-AuNPs were able to bind
to adamantyl motifs in the self-assembled nanofibers. Less binding was found
when K3G3-Ada-PA nanofibers were blocked with non-capped βCD first and
then incubated with capped βCD-AuNPs (Figure 4.14.D). Unexpectedly, K3-
Ada-PA controls (Figure 4.14 E) also exhibited affinity for βCD-AuNPs, indicat-
ing that the binding must be also determined by electrostic factors on top of
the host-guest interactions. Further discussion on the utility of this βCD-AuNP-
based tracking system is presented in Chapter 5, when its functionality for
tracking Ada units in anionic PA systems is addressed.
Figure 4.13: Characterisation of βCD-AuNPs. A) UV-Vis spectra [βCD-AuNPs =
0.01%]. B) TGA thermogram showing thermal degradation of βCD-AuNPs. C) TEM

























































































































4.5 Supramolecular decoration of K3G3-βCD-PA and
K3G3-Ada-PA self-assembled nanofibers
As host-guest motifs are presented on the surface of both K3G3-βCD-PA and
K3G3-Ada-PA nanofibers, these cues elicit the formation of inclusion com-
plexes with free complementary partners in solution. When K3G3-βCD-PA
nanofibers were incubated with rimantadine (a water soluble Ada derivative)
in HEPES buffer, the formation of a well-known 1:1 inclusion complex took
place between self-assembled βCD units and free Ada moieties in solution.
TEM micrographs revealed that this noncovalent interaction has no signifi-
cant impact on fiber morphology (Figure 4.15.B), but CD studies indicated that
the K3G3-βCD-PA undergoes a conformational change from a random coil to
a β-sheet conformation upon binding Ada units (Figure 4.15.A).
To further investigate whether these inclusion complexes can be formed
at the surface of self-assembled K3G3-Ada-PA, isothermal titration calorime-
try (ITC) experiments were performed. Titration of assembled K3G3-Ada-PA
nanofibers with free βCD revealed a 1:1 binding mode (Figure 4.16, Table 5.3),

































































































































































































































TEM micrographs showed that this noncovalent complexation had little ef-
fect on fiber morphology (Figure 4.15.D). Furthermore, CD studies revealed
that the K3G3-Ada-PA undergoes a conformational change when binding to
free βCD moieties, switching conformation from β-sheet to random coil (Fig-
ure 4.15.C).
Figure 4.15: Noncovalent decoration of K3G3-βCD-PA and K3G3-Ada-PA fibers with
complementary host/guest motifs in HEPES buffer. A) Circular dichroism (CD) spectra
of an equimolar mixture of K3G3-βCD-PA and rimantadine and B) transmission elec-
tron microscopy (TEM) micrograph of the resulting nanofibers [38 μM, blue]. C) CD
spectra of an equimolar mixture of K3G3-Ada-PA and β-cyclodextrin, and D) TEM
micrograph of the resulting nanofibers [63 μM, green].
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These results suggest that host-guest complexations could be used as a
tool to tune peptide conformations with little morphological alterations on
their resulting self-assembled nanostructures. Moreover, this host-guest PA
platform widens the possibility to decorate self-assembled peptide nanostruc-
tures with suitable complementary partners bearing bioactive motifs,184,185
thus providing new modular assembly strategy of biomaterials with increasing
complexity and functionality beyond traditional covalent approaches.
Figure 4.16: ITC titration of K3G3-Ada-PA with βCD evidencing the formation of
a 1:1 Host-Guest inclusion complex, [K3G3-Ada-PA] = 45 μM, [βCD] = 1050 μM,
19x20μL injections, T = 25ºC, HEPES buffer 10 μM.
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Figure 4.17: NMR spectra corresponding to K3G3-Ada-PA and its complex with free
β-cyclodextrin (βCD). A) 1H-NMR and B) NOESY spectra corresponding to K3G3-Ada-
PA (600 MHz, 7.5 mM, D2O/D3COD 2:1, 298 K). C) Zoom of the indicated region from
panel B).
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Figure 4.18: A) 1H-NMR spectrum corresponding to β-cyclodextrin (βCD) (600 MHz,
7.5 mM, D2O/D3COD 2:1, 298 K). B) NOESY spectrum of the same sample.
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Figure 4.19: A) NOESY spectra corresponding to K3G3-Ada-PA mixed with (βCD)
(600 MHz, 7.5 mM each, D2O/D3COD 2:1, 298 K). B). G) Zoom of the indicated region
from panel A). C) Superposition of panels 4.17.C (in red) and 4.19.B (in green) showing
that the cross-peaks in green arise from the interaction between adamantane protons
of K3G3-Ada-PA and H3 (violet) and H5 (orange) protons from βCD.
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4.6 K3G3-βCD-PA/K3G3-Ada-PA interaction
After confirming that both K3G3-βCD-PA and K3G3-Ada-PA can form inclu-
sion complexes with their complementary standalone partners in solution, we
proceeded to assess the noncovalent binding between these two host-guest
PAs.
ITC titrations revealed that both K3G3-βCD-PA and K3G3-Ada-PA bind to
each other following a 1:1 stoichiometry (N), exhibiting a dissociation constant
(KD) of 13.2 ± 4.4 μM as well as enthalpic, enthropic and free energy values
similar to those of K3G3-Ada-PA titrated with free βCD (Figure 4.22, Table
4.3).169,186
NOESY experiments (Figure 4.21) revealed cross-peaks between the signals
at 3.0 - 4.5 ppm assigned to the inner protons of βCD and the signals at 1.5
- 2.2 ppm assigned to Ada. Perhaps a word on the quality of these NOESY
results is required. NOESY cross-peaks appear when two protons are in close
proximity in space (less than 5 Å)187 and their intensity largely depends on
the tumbling rate of the originating molecule,188 the slow tumbling of larger
macromolecules or fixed aggregates in solution (like PA nanofibers) leads to
faster relaxation of transverse magnetization thus complicating the recording
of high-resolution NOE spectra.
A typical solution to this issue is to increase the overall molecular tum-
bling rate by recording NMR spectra at elevated temperatures.188,187 Sadly,
this possibility disrupts the host-guest interaction between K3G3-βCD-PA and
K3G3-Ada-PA thus leading to obtaining no signal at all. In future NOESY ex-
periments on PA systems it is suggested to use rotating frame experiments
instead in order to increase the signal to noise ratio in the outcome spectra.
In any case, both NOESY and ITC determinations point in the same directions:
the allocation of Ada residues into the cavity of their complementary βCD mo-
tifs, resulting in the formation of the noncovalent K3G3-βCD-PA•K3G3-Ada-
PA complex (Figures 4.20 & 4.21).186
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CD spectroscopy confirmed that the noncovalent K3G3-βCD-PA•K3G3-Ada-
PA complex exhibits different secondary structures in water and HEPES buffer,
forming β-sheets and β-turn-like structures, respectively (Figure 4.22.B). This
difference in conformation is expected, as isostructural systems to ours exhibit
conformational transitions when ionic strength is increased.101
Nonetheless, TEM micrographs of equimolar mixtures of K3G3-βCD-PA and
K3G3-Ada-PA demonstrated that their binding did not unsettle fiber formation
(Figure 4.22.C-D), thus indicating that they can be incorporated into a PA hy-
drogel without compromising its fibrous structure.
Figure 4.20: A) 1H-NMR spectra corresponding to K3G3-βCD-PA (600 MHz, 7.5 mM,
D2O/D3COD 2:1, 298 K).
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Figure 4.21: A) NOESY spectra corresponding to K3G3-Ada-PA mixed with K3G3-
βCD-PA (600 MHz, 7.5 mM each, D2O/D3COD 3:1, 298 K). B) Zoom of the indicated
region from panel A).
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Figure 4.22: Molecular binding between K3G3-βCD-PA and K3G3-Ada-PA. A)
Isothermal titration Calorimetry (ITC) titration of K3G3-Ada-PA with K3G3-βCD-PA
evidencing the formation of a 1:1 host-guest inclusion complex ([K3G3-Ada-PA] = 75
μM, [K3G3-βCD-PA ] = 600 μM, T = 25ºC, 19x10 μL injections). B) Circular dichroism
(CD) spectra and transmission electron microscopy (TEM) micrographs of equimolar
mixtures of K3G3-Ada-PA and K3G3-βCD-PA in C) water and D) HEPES buffer.
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4.7 K3G3-βCD-PA and K3G3-Ada-PA assemblies in hy-
drogels
A main objective of this study was to generate K3G3-βCD-PA•K3G3-Ada-PA
complexes that would allow noncovalent tethering between PA-fibers, result-
ing in hydrogel networks with improved structural integrity. In order to pro-
vide further tunability of these tethering interactions, we self-assembled both
K3G3-βCD-PA and K3G3-Ada-PA in presence of an excess of the cationic filler-
PA K3-PA, which permits control over the spacing and concentration of both
K3G3-βCD-PA and K3G3-Ada-PA.
It is reported that heating K3-PA solutions to 80 ºC and then gently cooling
them down can lead to lengthening of subsequently self-assembled nanofibers.98
Furthermore, scaffolds made from such longer PA fibers consist of long bun-
dled fibers, that can lead to improved cell spreading and proliferation.101,189
Consequently, mixtures of K3G3-βCD-PA, K3G3-Ada-PA, and an excess of K3-
PA were carefully prepared and thermally treated to obtain longer and more
cytocompatible PA fibers (Figure 4.23.A).
SEM micrographs of hydrogels composed of K3-PA and identical increasing
content of K3G3-βCD-PA and K3G3-Ada-PA, revealed that the presence of the
host-guest PAs caused neither phase separation in the resulting hydrogels nor
disturbed the morphology or dimensions of the fibrillar nanostructures (Figure
4.23.B). This PA gel-forming network preservation in presence of βCD/Ada
joints demonstrated the possibility to use them as interfiber cross-linking cues
within a PA-hydrogel (Figure 4.23.C).
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Figure 4.23: Ternary co-assembly between K3-PA and K3G3-βCD-PA•K3G3-Ada-
PA. A) Heat map showing the relative strength of different K3-PA/K3G3-βCD-
PA/K3G3-Ada-PA hydrogels. B) Scanning electron micrographs (SEMs) of a K3-
PA/K3G3-βCD-PA/K3G3-Ada-PA 80:10:10 mol% hydrogel demonstrating the persis-
tence of a fibrous network after the noncovalent binding of βCD and Ada motifs. C)
Schematics illustrating the underlying host-guest interaction mechanism between PA
nanofibers.
4.8 K3-PA/K3G3-βCD-PA•K3G3-Ada-PA hydrogel stiff-
ness
Given these results, it was reasoned that K3-PA gels containing increasing
content of K3G3-βCD-PA and K3G3-Ada-PA would increase in stiffness as
more interfiber binding takes place. To confirm this possibility, the stiffness
and response to deformation of the hydrogels were assessed through dynamic
rheology (see Section 2.3.3). Amplitude and frequency sweep experiments
were used to quantify the storage modulus (G’) and loss modulus (G”) of K3-
PA/K3G3-βCD-PA/K3G3-Ada-PA 1 wt% hydrogels containing increasing frac-
tions of host-guest PAs (90:5:5, 80:10:10, and 70:15:15 mol%) (Figure 4.24 &
4.26).
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Control K3-PA hydrogels exhibited G’ values of 2.8 ± 0.5 kPa while K3-
PA/K3G3-βCD-PA/K3G3-Ada-PA hydrogels displayed higher G’ and G” values
(Table 4.4, Figure 4.26).
Figure 4.24: A) Oscillatory strain and B) oscillatory frequency sweeps of a represen-
tative ternary K3-PA/K3G3-βCD-PA/K3G3-Ada-PA 70:15:15 mol% gel (1 wt%).
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Figure 4.25: A) Oscillatory strain and B) oscillatory frequency sweeps of a binary
K3-PA/K3G3-βCD-PA 70:30 hydrogel (1 wt%). C) Oscillatory strain and D) oscillatory
frequency sweeps of a binary K3-PA/K3G3-Ada-PA 70:30 hydrogel (1 wt%).
Table 4.4: Storage (G’) and loss (G”) moduli of hydrogels with increasing concentra-
tion of K3G3-βCD-PA•K3G3-Ada-PA host-guest pair ∀
K3-PA/K3G3-βCD-PA•K3G3-Ada-PA G’ G”
ratio (mol%) (Pa) (Pa)
100:0:0 2806 ± 466 401 ± 80
90:5:5 4470 ± 1206 905 ± 270
80:10:10 5152 ± 880 1161 ± 247
70:15:15 3100 ± 575 756 ± 120
Note: ∀ ± S.D. n > 3.
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Figure 4.26: Storage (G’) and loss (G”) moduli values of different K3-PA/K3G3-Ada-
PA/K3G3-βCD-PA hydrogels (1 wt%) determined by oscillatory rheology (see text,
**** p < 0.0001, n.s. no significant difference, n > 3).
Values for both G’ and G” increased with the concentration of the K3G3-
βCD-PA•K3G3-Ada-PA pair in the hydrogels, gel stiffness increased signifi-
cantly (compared to control K3-PA hydrogels) until reaching a maximum of
5.1 ± 0.8 kPa when the fractions of K3G3-βCD-PA and K3G3-Ada-PA were 10
mol% each (80:10:10 gels, p < 0.0001, n > 3, Table 4.4). Increasing K3G3-
βCD-PA•K3G3-Ada-PA pair concentration above 20 mol% was detrimental for
hydrogel stiffness.
Hydrogels containing K3-PA/K3G3-βCD-PA/K3G3-Ada-PA 70:15:15 mol%
exhibited a similar stiffness as K3-PA control gels, while mixtures incorporat-
ing higher ratios of the host-guest pair than 70:15:15 mol% rendered only
solutions in presence of the PBS gellator, most likely due to a decrease in
nanofiber length (Figures 4.23.A and 4.26).
Nonetheless, neither K3-PA/K3G3-βCD-PA nor K3-PA/K3G3-Ada-PA binary
hydrogels exhibited an increase in stiffness compared to control K3-PA ones
assembled at the same 1 wt% concentration (Figure 4.25). This suggests that
the host-guest binding between nanofibers bearing K3G3-βCD-PA and those
bearing K3G3-Ada-PA is likely responsible for the observed increase in stiff-
ness in the ternary gels.
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Other approaches aiming to modulate PA hydrogel stiffness rely on modifi-
cation of their intrafiber hydrogen bonding network strength,94 pH,92 concen-
tration,92 covalent capture via hydrophobic domains,122 covalent interfiber
crosslinking190 or mixing with other PAs,191 proteins,20,192 phospholipids,193
and metal counterions.194
On the other hand, our non-covalent crosslinking approach allows for en-
hancing stiffness without altering other gel parameters such as peptide con-
centration and porosity. Besides these benefits, the integration of dynamic
host-guest chemistry into supramolecular PA hydrogels allows for the possi-
bility to engineer further temporal and morphological properties, which are
relevant within cell environments and other therapeutically applications.6
4.9 Self-healing and resistance to degradation of
ternary host-guest-PAs hydrogels
In addition to enhancing gel stiffness, we hypothesized that the precise and re-
versible nature of the host-guest interactions would elicit additional effects on
the structural integrity of the K3-PA/K3G3-βCD-PA/K3G3-Ada-PA hydrogels.
First, given the supramolecular and noncovalent nature of these materi-
als,92 we tested the self-healing and shear-thinning properties of the hydrogels
by step strain measurements. When undergoing changes from large (100%)
to small (0.10%) strain values, the hydrogels exhibited a reversible gel-sol
transition and rapidly recovered up to 90% of their G’ and G” after sheared for
up to 4 cycles (Figure 4.27.B).
K3-PA/K3G3-βCD-PA/K3G3-Ada-PA hydrogels proved to withstand more
damage than control K3-PA hydrogels under the same exhibited strain, but
were also able to recover in a similar way to the control gels (Figure 4.27.B).
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Figure 4.27: Self-healing ability of host-guest PA hydrogels. A) G’ (blue) and G” (red)
of a K3-PA/K3G3-Ada-PA•K3G3-βCD-PA 80:10:10 mol% hydrogel in continuous step
strain measurements (1 wt%, T = 25 ºC). Large strains (100 %) inverted the G’ and
G” values to render the sol state. On the other hand, G’ was recovered under small
strains (0.1 %) within less than 30 s. B) Continuous step strain measurements (creep
and recovery) of control K3-PA hydrogel (1 wt%, green traces) and K3-PA/K3G3-βCD-
PA/K3G3-Ada-PA 70:15:15 mol% hydrogel (1 wt%, red traces).
In addition, the effect of the host-guest motifs on the stability of the PA
hydrogels upon degradation was tested. Gels when incubated in HEPES at 25
ºC and weight remaining ratios were monitored after exhaustive removal of
buffer and determination of the residual hydrogel mass (see Section 4.12.16
for experimental details).195
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Figure 4.28: Host-guest PA hydrogels behaviour under physiologically relevant con-
ditions. A) Degradation profile of K3-PA/K3G3-Ada-PA/K3G3-βCD-PA hydrogels in
time. Weight remaining ratios of 90:5:5, 80:10:10 and 70:15:15 mol% hydrogels as
well as K3-PA control hydrogels are shown. B) Cell viability determinations of NIH-3T3
fibroblasts cultured atop K3-PA/K3G3-Ada-PA/K3G3-βCD-PA 70:15:15 mol% hydro-
gels (blue), K3-PA gels were used as controls (green, 1 wt% in both cases) (**** p
< 0.0001, *** p < 0.001, n > 3) C) LIVE-DEAD image from the host-guest based hy-
drogels at day 7 (green: calcein AM, alive cells; red: ethidium homodimer-1 (EthD-1),
dead cells).
The results indicate that 70:15:15 mol% K3-PA/K3G3-βCD-PA/K3G3-Ada-
PA hydrogels are able to withstand this buffer exchange process for up to 7
weeks before full degradation compared to K3-PA, which completely degraded
after 2 weeks time (Figure 4.28.A). It can be speculated that the host-guest
interfiber tethering sites provide an additional anchoring force that confines
individual PA molecules to the fibrillar hydrogel network, decreasing Fickian
diffusion of free PA-monomers, thus slowing the rate of gel erosion.196
These results not only demonstrate that the βCD/Ada system enhances
the stability of PA hydrogels by helping to preserve their structural integrity,
but also allows for the tuning of their time-dependent properties, which could
be of use when present in tissue regeneration and development sites.6
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4.10 Biocompatibility of K3-PA/K3G3-βCD-PA•K3G3-Ada-
PA hydrogels
To assess the potential of our modified PA hydrogels to be used in biological
applications, NIH-3T3 fibroblasts were cultured atop either K3-PA/K3G3-βCD-
PA/K3G3-Ada-PA or K3-PA control hydrogels for up 7 days. Cells attached
and exhibited a spread morphology on both hydrogel systems after two days
of culture (Figures 4.28.B & 4.30), and cells seeded atop K3-PA control gels
showed higher viability at this point.
However, on day 7, cells growing atop ternary K3-PA/K3G3-βCD-PA/K3G3-
Ada-PA hydrogels exhibited higher viability (89.6 ± 2.6 %) compared to cells
growing on K3-PA controls (83.9 ± 2.8 %) (Figure 4.28.B). We speculate that
the host-guest motifs play a role in partially screening the positive charges
from the cationic nanofibers, in fact, NIH-3T3 fibroblasts viability assays in
solution showed higher cell survival in K3G3-βCD-PA than K3-PA (Figure 4.29).
Figure 4.29: NIH-3T3 fibroblasts monolayer LIVE-DEAD assay after culture in 1.0 mM
and 0.5 mM K3-PA, K3G3-Ada-PA and K3G3-βCD-PA solutions.
Also, the noncovalent interfiber binding leads to obtaining stiffer hydrogels,
which could promote the expression of mechanosensitive proteins.161 It is pos-
sible that this observed increased cell viability observed in our K3-PA/K3G3-
βCD-PA/K3G3-Ada-PA hydrogels after 7 days of culture results from a stiffer
gel as a result of our host guest interaction, studies have reported an effect
on increasing cell viability as a result of matrix stiffness.197 It is noteworthy
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that our approach enables an increase in stiffness without affecting nanofiber
density (as total amount of self-assembling PAs remain constant), therefore,
network crosslinking and cell microenvironments shall remain similar to those
of conventional K3-PA gels, in terms of cell nutrient access, gas exchange and
other physiological parameters.
Figure 4.30: NIH-3T3 fibroblasts LIVE-DEAD assay (green: calcein AM, alive cells;
red: ethidium homodimer-1 (EthD-1), dead cells) after culture onto K3-PA/K3G3-Ada-
PA•K3G3-βCD-PA 70:15:15 mol% and K3-PA 1 wt% hydrogels.
This capacity could have a significant effect on cell function, for instance
cell differentiation.3 Taking advantage of the capacity to modulate supramolec-
ular hydrogel properties as a result of our host-guest approach, further opti-
misation of the hydrogel stiffness would be possible, but it might depend on
specific cell type behaviours and therapeutic use.
It is noteworthy that when cells were embedded within the hydrogel materi-
als, a significant decrease in viability was observed in both K3-PA/K3G3-βCD-
PA/K3G3-Ada-PA and K3-PA control hydrogels. This effect is likely a result
of the positively charged PAs used, as it is well-known that cationic peptides
cytotoxicity can be tuned.189,112
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4.11 Closing remarks
In this study, we report on the synthesis, supramolecular aggregation, and
structural improvement of a new family of PA hydrogels based on the dy-
namic noncovalent binding of β-CD and Ada motifs. Through this approach,
we aim to develop a robust and versatile noncovalent cross-linking strategy
for peptide-based biomaterials. The work validated the possibility to incorpo-
rate host-guest binding motifs on self-assembling PA molecules to generate
hydrogel biomaterials with enhanced stiffness and structural integrity without
altering parameters such as total peptide concentration.
To validate the applicability of the biomaterial, we showed that the system
can be assembled with different PA molecules and serve as substrates for in
vitro cell-culture. The study described in this chapter demonstrates that host-
guest interactions represent an attractive and viable tool to not only improve
mechanical and structural features in PA-based hydrogels, but also to further
incorporate dynamic guests and structural complexity levels of PA hydrogels.
The system may find applications in the development of novel therapies for
disease and regenerative medicine.
In the next chapter, the design and selection process of a host-guest PA-
peptide pair able to exhibit bioactivity via non-covalent co-assembly are pre-
sented.
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4.12 Materials and methods
4.12.1 Peptide synthesis and characterisation
Conventional PA synthesis
PAs were synthesised using 4-methylbenzhydrylamine (MBHA) Rink Amide
resin (0.52 mmol/g, Novabiochem Corporation, UK).
MBHA resin functionalisation
In the case of K3G3-βCD-PA and K3G3-Ada-PA the resin was bromoacetylated
and functionalised with propargylamine following the peptoid synthesis solid
phase submonomer method.198
Resin bromoacetylation was carried out as follows (Figure 4.31): In a dry
and Argon flushed reactor 10 equivalents of bromoacetic acid 1 and 5 equiva-
lents of N,N’-diisopropylcarbodiimide (DIC) were dissolved in 5 mL of dry DCM,
the mixture was stirred for 30 min and then transferred to another vessel con-
taining previously DCM swollen and Fmoc deprotected resin.
The mixture was shaken for 2 h, filtered off, washed with DCM and DMF
x4. The resin-bound bromide 5 was then displaced with propargylamine (10
equivalents in 5 mL of DMF), shaken for 8 h at room temperature, filtered and
washed three times with DMF, methanol, chloroform and diethyl ether respec-
tively. In this fashion, propargylated MHBA resin 6 was afforded (Figure 4.31).
Synthesis of Host-PAs
For the synthesis of K3G3-βCD-PA, propargylated resin 6 was loaded in an
automated peptide synthesiser (CS Bio, USA), solid phase peptide synthesis
(SPPS) couplings were performed using four equivalents of Fmoc-protected
amino acids (Novabiochem Corporation, UK), four equivalents of 1-hydroxyben-
zotriazole (HOBT, Carbosynth Limited, UK) and six equivalents of N,N’-diisopro-
pylcarbodiimide (DIC, Sigma–Aldrich, UK), Fmoc deprotections were performed
with 20% piperidine (Sigma-Aldrich, UK) in DMF (Figure 4.31).
Following Fmoc removal from the N-terminus the palmitoyl tail was manu-
108
ally conjugated using four equivalents of palmitic acid (Calbiochem, UK), four
equivalents of HOBT, six equivalents of DIC in DMF/DCM 2:3 until negative for
Kaiser Test, tail-coupled peptide 8 was afforded in this fashion.
6-Monodeoxy-6-monoazido-beta-cyclodextrin (N3-βCD) was prepared as re-
ported199,200 and clicked to the PA backbone using a copper(I)-catalised azide-
alkyne cycloaddition (CuAAC) procedure as reported in literature.201
Cleaving of the crude K3G3-βCD-PA product from the resin was carried out
using a mixture of TFA (Sigma-Aldrich, UK)/triisopropylsilane (TIS, Alfa Aesar,
UK)/water (95:2.5:2.5) for 3 h at room temperature, solvent was removed in
vacuo allowing the precipitation of the peptide 9: K3G3-βCD-PA using diethyl
ether at -20ºC.
Figure 4.31: Synthetic route followed for the preparation of K3G3-βCD-PA. a) Bro-
moacetic acid 10 eq., DIC 5 eq., DCM, r.t., 30 min. b) MHBA resin, piperidine 20%
in DMF, r.t., 15 min. c) DCM, r.t., 2 h. d) Propargylamine 20 eq., DMF, r.t., 8 h. e)
SPPS. f) Palmitic acid/HOBT/DIC 4:4:6 in DMF/DCM 2:3, r.t., 3 h. g) 1. CuBr/ascorbic
acid/N3-βCD in DMF/acetonitrile, DIPEA, 2,6-lutidine, r.t., 8 h; 2. TFA/TIPS/Water, r.t., 3
h.
Synthesis of Guest-PAs
The synthesis of K3G3-Ada-PA (Figure 4.32) firstly involved the clicking of the
propargylated resin 6 with 1-azidoadamantane to afford the triazole 10, fur-
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ther Fmoc SPPS, alkyl tail coupling and cleaving operations were performed as
described above to afford the adamantane peptide 12: K3G3-Ada-PA (Figure
4.32). Copper traces were removed using an alumina flash column in both
host-guest PAs before undergoing further chromatographic purification.
Figure 4.32: Synthetic route followed for the preparation of K3G3-Ada-PA. a)
CuBr/ascorbic acid/1-azidoadamantane in DMF/acetonitrile/DCM, DIPEA, 2,6-lutidine,
r.t., 8 h. b) SPPS c) Palmitic acid/HOBT/DIC 4:4:6 in DMF/DCM 2:3, r.t., 3 h. d)
TFA/TIPS/Water, r.t., 3 h.
4.12.2 Peptide purification and characterisation
Purification of all peptides was carried out through Reverse Phase High-Perfor-
mance Liquid Chromatography (HPLC) using a 2545 Binary Gradient Prepara-
tive HPLC (Waters, USA), a C18 column (Atlantis Prep OBD T3 Column, Waters,
USA) and a gradient of 2-100% acetonitrile in water (0.1 v/v% TFA) over 40
min. Detection was carried out concomitantly with 2489 UV/Visible and an
electrospray ionisation mass spectrometer detector (ESI-MS) (Waters, USA).
Peptide purity was determined by analytical HPLC as well as ESI-MS (Thermo
LXQ, Thermo Scientific, USA) and matrix assisted laser/desorption ionisation-
time of flight mass spectrometry (MALDI-TOF, Applied Biosystems 4800 Pro-
teomics Analyzer (TOF/TOF)). TFA traces in all the peptides was exchanged for
HCl and removed in vacuo, followed by extensive dialysis against deionized
water using 100- 500 Da MWCO dialysis tubing (Spectrum Europe B.V., The
Netherlands).
4.12.3 β-Cyclodextrin-Gold nanoparticles synthesis
The protocol reported by Shi and co-workers was followed with no further mod-
ifications in order to synthesise βCD-AuNPs.183
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4.12.4 Circular dichroism (CD)
The secondary structure of the PAs was assessed using CD. Peptides were dis-
solved in water or 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)
10 mM saline (155 mM NaCl pH 7.4) at a final concentration of 0.01 wt%, then
measured as soon as possible using a 1 mm path-length quartz cuvette in
a Pistar-180 spectropolarimeter (Applied Photophysics, Surrey, UK) equipped
with a Peltier temperature controller, under a constant nitrogen purging at a
constant pressure of 0.7 MPa and temperature of 25 °C. Far UV spectrum were
recorded from 190 to 270 nm a wavelength step of 0.5 nm. Each represented
spectrum is the average of three consecutive spectra. Temperature variable
CD experiments were carried out between 10 ºC and 70 ºC, with a heating rate
of 1 ºC/min, and collecting a spectrum every 10 ºC.
4.12.5 Transmission electron microscopy (TEM)
PA 0.05 wt% aqueous solutions were imaged after a negative staining treat-
ment. PA samples were drop casted on holey carbon-coated copper TEM grids
(Agar Scientific, Stansted, UK), after 5 minutes incubation, solution excess was
removed before incubation with 2 w/v% uranyl acetate for one minute, grids
were then washed with ultrapure water for 30s and air dried for 24h at room
temperature before imaging. Bright-field TEM imaging was performed on a
JEOL 1230 Transmission Electron Microscope operated at an acceleration volt-
age of 80 kV. All the images were recorded by a Morada CCD camera (Image
Systems) and at least six areas were analysed (corresponding to n ≥ 100 PA
fibers).
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4.12.6 Scanning electron microscopy (SEM)
PA hydrogels were stepwise dehydrated by immersion in increasingly concen-
trated ethanol solution (25%, 50%, 70%, 80%, 90%, 95%, 100%), for 5 min
twice in each solution. Dehydrated samples were dried using a critical point
dryer (K850, Quorum Technologies, UK) and gold coated before imaging on an
Inspect F50 (FEI Company, the Netherlands) (n ≥ 5).
4.12.7 Zeta potential (ζ)
PAs were dissolved in MilliQ water, pH values were adjusted by addition of
HCl or NH4OH, transferred to polycarbonate folded capillary cells where zeta
potential measurements were taken in triplicate at 25 °C from pH 3 to 12 using
a Zetasizer (Nano-ZS ZEN 3600, Malvern Instruments, UK).
4.12.8 Isothermal titration calorimetry (ITC)
ITC experiments were performed at 25 °C using a MicroCal PEAQ-ITC microcalo-
rimeter (Malvern-Panalytical, UK). PA solutions were prepared in previously
filtered 10 mM HEPES buffer, pH 7.4. On a typical experiment 19 injections of
2.0 μL titrant were titrated into the sample cell over 2 s with a stirring speed
of 750 rpm and 120 s separation to ensure thermal equilibration. Data were
baseline adjusted by subtracting background data obtained from equivalent
injections of titrant into the buffer solution. The titration curves were analyzed
using the integrated public-domain software packages NITPIC, SEDPHAT and
GUSSI.202,203
4.12.9 Nuclear magnetic resonance (NMR)
Mixtures of K3G3-Ada-PA and K3G3-βCD-PA were prepared in D2O/CD3OD
reaching a final concentration of 10-12 mg/mL. Two dimensional NOESY NMR
spectra were recorded on a Bruker AvanceNEO 600 spectrometer at 298 K.
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4.12.10 Thermogravimetric analysis (TGA)
A TA Instruments Q500 Thermogravimetric Analyzer was used to acquire βCD-
AuNPs thermograms, temperature programs were followed as described by
Shi and co-workers.183
4.12.11 Ultraviolet-visible spectroscopy (UV-Vis)
A Perkin Elmer Lambda 35 UV-Vis spectrometer (double-beam, wavelength
range 190 - 1100 nm) was used to acquire βCD-AuNPs absorption spectra.
4.12.12 Hydrogel preparation
PAs were dissolved in either water or HEPES buffer, mixed according to the
desired K3-PA/K3G3-βCD-PA/K3G3-Ada-PA ratio, incubated at 80 °C for 30
min and let slowly cool down to room temperature, then a 30 μL drop was
placed onto a polydimethylsiloxane (PDMS) support, injected 15 µL of PBS 0.1
M and incubated overnight at 25 °C to afford 1 wt% hydrogels in all cases.
4.12.13 Epifluorescence microscopy
An inverted epifluorescence widefield Leica DMI4000B microscope (Leica, Ger-
many) equipped with a LEICA DFC300 FX CCD camera was used to visualize
FITC (Cyclolab, Hungary) and Nile Red stained peptide aggregates. Peptide
solutions were incubated with the fluorescent dye for 30 min at room temper-
ature before imaging and FITC % Texas Red filters were employed.
4.12.14 Stiffness determinations
PA hydrogels rheological characterization was performed with a DHR-3 Rheome-
ter (TA Instruments, USA) equipped with an 8 mm diameter parallel plates ge-
ometry. Rheological characteristics were monitored by amplitude sweep, fre-
quency sweep, and the self-healing ability of the gels was assessed through
creep-recovery tests. G’ (storage modulus) and G”(loss modulus) were mea-
sured at 25 °C and a constant frequency of 1 Hz in the 0.01% – 10% strain
during the amplitude sweep, while the oscillation frequency experiments were
carried out at a 0.1% fixed strain along 0.1 – 100 Hz.
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4.12.15 Creep-recovery tests
Creep-recovery tests were performed as follows: an initial 0.1% strain was
held for the first 100s, then it was increased to 100% for 100 s, followed by a
recovery segment of 0.1% stress for 100 s, the continuous step strains were
switched within 200 s for every strain interval.
4.12.16 Hydrogel degradation
PAs gels were placed in suitable glass vials and incubated in HEPES buffer
at 25 ºC. Gels degradation/erosion was determined as reported in literature
(Figure 4.33).195
Figure 4.33: Schematic showing the experimental set-up for degradation assess-
ment of K3-PA/K3G3-βCD-PA/K3G3-Ada-PA gels over time (n > 5).
4.12.17 Cell culture experiments
NIH-3T3 fibroblasts were cultured in DMEM supplemented with 10% FBS and
1% P/S in a humidified incubator (37 °C, 5% CO2).
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4.12.18 Cell viability assays in solution
On a typical experiment 15 000 NIH-3T3 fibroblasts were seeded in a 96-well
plate and cultured for 1 day until a monolayer was formed. Cells were in-
cubated with a peptide solution of the desired concentration for 1 h. Pep-
tide was then removed, cells were washed thrice with HBSS and placed with
fresh DMEM medium and imaged the next day using the LIVE/DEAD Viabil-
ity/Cytotoxicity Assay Kit (Thermo Fisher Scientific, UK). Cells were incubated
in 10 mM Calcein AM and 1 mM ethidium homodimer-1 (EthD-1) DMEM medium
for 30 min before imaging, stained samples were visualised on an inverted epi-
fluorescence widefield Leica DMI4000B microscope (Leica, Germany) equipped
with a LEICA DFC300 FX CCD camera.
4.12.19 Cell viability assays in surface cultures
On a typical experiment 5 μL of a 10 mM PA ternary mixture of K3-PA/K3G3-
βCD-PA/K3G3-Ada-PA (70:15:15) were injected within 50 μL of PBS gelling
solution (typically 1 mM PA final concentration). After 30 minutes gelation the
excess of PBS was removed and 30-50 000 NIH-3T3 cells were seeded onto
the gels.
Gels were kept under orbital agitation for 1 h before static culture for 1,
2 and 7 days. In vitro cell viability was then assessed using the LIVE/DEAD
Viability/Cytotoxicity Assay Kit (Molecular Probes), 30 min before imaging hy-
drogels were incubated in 10 mM Calcein AM and 1 mM ethidium homodimer-1
(EthD-1), stained samples were visualised on an inverted Confocal Laser Scan-
ning Microscope (CLSM) (Leica Laser Scanning Confocal TCS SP2) along with
the ImageJ Software (NIH, USA) for reconstructing the 3D images. Cell viability
was measured as a ratio of calcein positive cells over total number of cells. All




Display on Anionic Peptide
Amphiphile-based Hydrogels
Figure 5.1: Non-covalent display of RGDS motifs on self-assembled PA hydrogels.
This chapter describes the βCD/Ada mediated display of RGDS cell-binding
motifs on anionic PA nanofibers. Considerations on the molecular design are
presented, followed by a supramolecular aggregation study, finishing with cell
attachment studies that evidence the functionality of the gels.
This study will be submitted for publication to ACS Biomaterials Science and
Engineering:
• Redondo-Gómez, C.; Padilla-Lopategui, S.; Azevedo, H. S.; Mata, A.
Host-guest-mediated epitope presentation on self-assembled peptide am-




A key feature in biomaterial design is the incorporation of bioactive signals
into artificial constructs in order to stimulate tissue regeneration. Most cur-
rently used hydrogel cell culture systems depend on the covalent attachment
of ECM-derived cell adhesion peptides to either macromolecular units or to
smaller self-assembling units, thereby restricting biosignal presentation and
response to the static character dictated by their covalent binding to sub-
strate. However, finding new ways to incorporate adhesion epitopes like those
present in the on hydrogels would lead to different uses of these scaffolds in
cell culture as well as new potential clinical applications.
In this chapter, it is shown that a more dynamic epitope presentation ap-
proach based mediated by host-guest interactions is possible. Using PA hy-
drogels it is demonstrated that the Ada/βCD pair can be used to tether RGDS
cell adhesion signals to self-assembled hydrogels.
Hydrogel morphological and rheological behaviour are assessed as well as




Progress in supramolecular chemistry has led to growing control over molecu-
lar self-assembly and has provided a number of robust approaches to design
biomaterials with increasing biomimicry, structural complexity and functional-
ity.204,31,28 As a consequence, remarkable examples of functional polymer,205
sugar,206 nucleic acid,207 and protein-based208 supramolecular systems have
been reported.
Research on synthetic constructs for tissue engineering and regenerative
medicine applications has evidenced the importance of mimicking morpholog-
ical, mechanical aspects and presentation of biochemical cues and viscoelastic
behaviour of the ECM.4,21,66 Hydrogels succeed at featuring these character-
istics,7 thus have drawn attention as cell scaffolds for multiple in vitro and in
vivo studies.209,63,62
As most hydrogel systems lack the intrinsic cell-binding properties of the
ECM82 functionalisation approaches with cell adhesion promoting peptides are
a common strategy to improve biomimicry.210 Even though dozens of cell ad-
hesion peptides are known,211 the staggering majority of reports deal with ei-
ther IKVAV (a sequence found in laminin)93,212 or RGD (found in fibronectin) as
their interaction with integrin receptors and its subsequent signal transduction
are well understood.213 Although many hydrogels are based on polymeric fib-
rillar components,214,32 self-assembling peptides like PAs have recently gained
increasing attention as they often originate gels with viscoelastic and mass
transport properties more similar to the native ECM than polymeric hydrogels
do (see Section 2.4).215,84,216,217
Fibrillar hydrogels based on PAs have demonstrated promising capacities to
emulated ECM characteristics.96 The formation of nanofiber non-covalent net-
works rendering a high density of biofunctional epitopes is one of the features
that turns PA constructs into highly functional platforms for tissue engineer-
ing applications,98 encompassing cell migration18,122 and differentiation108 in
vitro as well as in vivo regeneration of blood vessels,218 cartilage,127 axons,123
and enamel.219
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RGD-based sequences have been successfully incorporated into PA plat-
forms for cell adhesion and cell delivery studies, including variations on lin-
ear,219 branched or cyclic peptide220 conformations, the presence of a spacer
in the PA sequence,115 epitope density along nanofiber axis107 and hierarchi-
cal structuration of peptide constructs.116 Research on alternative ways to
present biofunctional epitopes like RGD on PA-based biomaterials might help
to improve their design, construction and biomimicry capacities.
Host-guest interactions (like the inclusion complex formed between βCD
and Ada motifs)32,130 have traditionally been employed to modify physico-
chemical properties of polymer-based hydrogels (see Section 2.5),82,221 for
instance, a recent example by Luong and co-workers reports on pore reduction
and variation of viscoelastic properties of RGD and GHK epitopes immobilised
covalent poly-methacrylate-based cryogels via Ada/βCD binding.222 Scarce
efforts to incorporate host-guest phenomena into supramolecular hydrogels
have been reported, like the βCD/Ada PA gels reported by Redondo-Gómez et
al.,155 (presented in Chapter 4) in which host-guest interactions drove stiffness
modulation as well as increases resistance to degradation.
In this chapter the host-guest-mediated tethering of RGDS motifs to self-
assembled PA nanofibers is reported as a strategy to improve biological epi-
tope presentation and biomimicry of PA hydrogels. Firstly, the synthesis and
characterisation of two anionic adamantane-bearing PAs is presented, then
their ability to be incorporated into co-assembled nanofibers is explored from
a spectroscopic and rheological point of view. Then, we choose the most suit-
able Ada-PA derivative to undergo non-covalent functionalisation with a com-
plementary RGDS-βCD derivative, lastly, we assess the biological functional-
ity of this binding via in vitro cell adhesion experiments.
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5.3 Anionic Guest-Peptide Amphiphiles
5.3.1 Rationale and molecular design
The Ada/βCD inclusion complex was chosen to perform the non-covalent bind-
ing of epitopes on PA nanofibers because this host-guest pair is perhaps the
best characterised and most used in host-guest literature (see Section 2.5).130
As the presentation of Ada units at the surface of self-assembled PA nanofibers
might be used as anchoring points for a variety of βCD-bearing binding mo-
tifs. The effect of covalent derivatisation of negatively charged PA molecules
with Ada units was initially investigated, we designed two negatively charged
guest PA molecules isostructural to E3-PA (C16-V3A3E3: to be further used as
epitope diluent or filler PA), whose supramolecular aggregation is known to a
good extent.








Both Ada-bearing guest-PAs comprise an aliphatic palmitoyl tail (C16-) at
their N-terminus, followed by a β-sheet forming amino acid sequence (-V3A3-)
that ensures the formation of high-aspect ratio cylindrical nanofibers. Three
ionisable glutamic acid residues (-E3-) are included immediately after in order
to promote nanofiber solubility in water (Figure 5.2).
The use of negatively charged sequences was rationalised in terms if their
reduced citotoxicity compared to cationic peptides. It is well accepted that
positively charged amphiphiles interact strongly with cell membranes via elec-
trostatic interactions with the negative phospholipid heads, while their hy-
drophobic domains allow insertion into the membrane through hydrophobic
interactions, causing increased permeability and loss of barrier function of tar-
get cells.223
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Figure 5.2: Molecular structures of the self-assembling peptides reported in this
study. All PA molecules are isostructural to the negatively charged E3-PA, in E3Ada-
PA an adamantane moiety was included at the C-terminus. A triglycine spacer was
included in E3G3Ada-PA, that bears an adamantane residue after the spacer. βCD-
RGDS contains a βCD moiety that is complementary to adamantane residues present
in the corresponding guest-PA molecules.
5.3.2 Purity and characterisation
A combination of peptoid synthesis and copper(I)-catalyzed alkyne-azide cy-
cloaddition (CuAAC) coupling approaches were used to incorporate the Ada
units close to the C-terminus of E3Ada-PA, while E3G3Ada-PA comprised a
three-glycine spacer (-G3-) between the Ada units and the PA C-terminus.
This uncharged spacer has a rather flexible nature and spaces out the Ada
units some 12.2 Å from the charged glutamic acid residues domain,115 this
spacer was also included to allow further presentation of Ada units when co-
assembled with an excess of the filler PA once the PA monomers self-assemble
into nanofibers (Figure 5.2).
Synthesis of filler E3-PA and control E3G3-PA was undertaken following
traditional PA SPPS approaches, while guest-PAs: E3Ada-PA and E3G3Ada-PA
were synthesized using standard SSPS followed by purification through RP-
HPLC (Table 5.1). Details on their synthesis routes and purification steps can
be found in Section 5.10.1 of this thesis.
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Filler E3-PA and control E3G3-PA were obtained with 96% purity, ESI-MS
provided mass confirmation of the conjugates: m/z = 1151.8 [M-H]- and m/z =
1322.8 [M-H]- respectively (Figure 5.3). Guest-PAs E3Ada-PA and E3G3Ada-
PA were obtained with 98% and 95% purity respectively, ESI-MS provided
mass confirmation of the conjugates: m/z = 714.3 [M+2H]2+ and m/z = 799.1
[M+2H]2+ respectively (Figure 5.4). All of these results are briefed in Table 5.2.
Figure 5.3: Plots for purity and molecular weight confirmation for E3-PA and E3G3-
PA. A,C) RP-HPLC and B,D) ESI-MS traces respectively.
Table 5.2: Chemical characterisation of the herein reported anionic peptide am-
phiphiles.
Peptide Molecular mass Found mass Purity
(g/mol) (m/z, ∅) (%, ♯)
E3-PA 1152.70 1151.8 [M-H]- 96
E3G3-PA 1323.76 1322.8 [M-H]- 96
E3Ada-PA 1425.78 714.3 [M+2H]2+ 98
E3G3Ada-PA 1595.93 799.1 [M+2H]2+ 95
Notes:
∅ Determined through ESI-MS,
♯ Assessed through RP-HPLC.
122
Figure 5.4: Guest-PAs proof of purity and molecular weight confirmation for E3Ada-
PA and E3G3Ada-PA. A,C) RP-HPLC and B,D) ESI-MS traces respectively.
5.3.3 Effect of Adamantyl residues on PA self-assembly
Nanofiber self-assembly of unmixed filler PA (E3-PA) and both guest-PAs (E3Ada-
PA and E3G3Ada-PA) was investigated using transmission electron microscopy
(TEM). TEM micrographs evidence the presence of nanofibers of around 11-
13 nm diameter in both guest-PA solutions at 25 ºC, meanwhile E3-PA origi-
nated longer but slightly thinner nanofibers of around 8-10 nm diameter (Fig-
ure 5.5B-D). E3-PA originated stand-alone nanofibers (Figure 5.5.B), whereas



































































































































































































































































































































































Differences in length were observed, as E3-PA nanofibers exhibited longer
fiber micron-long sizes in many cases, while guest-PAs originated smaller sub-
micron aggregates at this temperature. This is as indication that the presence
of Ada residues on PA nanofibers may modify the geometric packing param-
eters of traditional PA backbones, Ada residues are rather spherical in shape
and of non-polar nature, which allows them to establish van der Waals and
hydrophobic interactions amid adjacent units thus promoting their aggrega-
tion (Figure 5.5.C-D). A previous report by our group on positively charged PA
bearing Ada units exhibited a larger tendency to form bundles and originated
raft-like objects at millimolar concentration regimes (Figure 4.11 and Section
4.3.5).155
5.3.4 Adamantyl moieties effect on nanofiber conformation
As slight interfiber bundling was observed amid guest-PAs, we decided to in-
vestigate whatever additional repercussions the presence of Ada units may
have on the secondary structure of the self-assembled nanofibers. Circular
dichroism (CD) spectroscopy showed that all E3-PA, E3Ada-PA and E3G3Ada-
PA presented a β-sheet signature signal,115 with a positive maximum signal
centered at 202 nm and a negative minimum at 219 nm with no evident shifts
among the signals (Figure 5.5.A), this absence of wavelength shifts is inter-
preted as no net increasing in twisting of the β-sheets at the nanofibers core
due to the presence of Ada units.224
Variations in the peak intensities were observed in the three PAs: β-sheet
signals were more intense in the case of E3-PA, E3G3Ada-PA exhibited an al-
most four-fold reduction in β-sheet signal intensity, while E3Ada-PA showed
the least intense signal with a six-fold intensity reduction compared to E3-PA.
This intensity reduction can be attributed to the re-arrangement of nanofiber
β-sheets into shorter and less regular ones as a result of the presence of Ada
units. The presence of the three-glycine spacer appears to be beneficial for
β-sheet formation as it spaces out adjacent hydrophobic Ada units thus allow-
ing the formation of more ordered β-sheets at the nanofiber core,224 in other
words, E3G3Ada-PA forms stronger β-sheets than E3Ada-PA but not as stable
as E3-PA.
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One interesting factor to consider when strength of β-sheets in PAs is dis-
cussed has to do with the way water molecules interact with PA assemblies.
Overhauser Dynamic Nuclear Polarisation Relaxometry (ODNP) has shown that
water molecules are fundamental to structure anionic PA nanofibers, indeed,
water molecules exhibit correlation times from 200 ps to 900 ps. These values
span the range from fast moving fluid water molecules in the PA nanofiber
core to slow-moving water at the nanofiber surface.16 Introducing hydropho-
bic Ada moities as in E3Ada-PA and E3G3Ada-PA nanofibers surface might
promote water molecules fluidity, thus affecting the associated β-sheets, a
similar effect is also expected for water molecules bound to nanofibers with
different charges and charge densities.16
5.4 Non-covalent binding of Adamantane units
The possibility to confirm the presence of Ada binding units atop E3Ada-PA
and E3G3Ada-PA nanofibers surface was explored using TEM. β-Cyclodextrin-
capped gold nanoparticles (βCD-AuNPs) presented in Section 4.4 were em-
ployed once again for this purpose.183 βCD-AuNPs were found to exhibit a
diameter of (5.6 ± 0.9) nm i.e. about the radius of our PA nanofibers (Figure
5.5.E). In this fashion, E3Ada-PA and E3G3Ada-PA were incubated with an
excess of βCD-AuNPs, finding significant clusters of adsorbed particles in the
proximity of both guest-PAs nanofibers (Figure 5.5.G-H).
E3-PA controls showed little to none βCD-AuNPs adsorption onto nanofibers,
which indicates that the host-guest non-covalent binding is the main con-
tributor to βCD-AuNPs attachment to the nanostructures (Figure 5.5.F) rather
than an electrostatically driven mechanism. These results confirm that the
presence of Ada residues in PA monomers does not prevent nanofiber self-
assembly and also allows for the establishment of further host-guest interac-
tions with βCD binding motifs after nanofiber assembly.
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5.5 Structuring PA gels containing E3-PA/E3Ada-PA
and E3-PA/E3G3Ada-PA
Both E3Ada-PA and E3G3Ada-PA offer inherent capacities to bind comple-
mentary host-units. The possibility to affix pendant Ada guest units from
these guest-PAs to canonical PA nanofibers was explored by co-assembling
them with an excess of filler E3-PA.
Several reasons justify the use of E3-PA as filler/spacer monomer units: As
E3-PA contains the same peptide backbone (Figure 5.2) as both guest-PAs a
reasonable degree of compatibility amid these units was predicted. Given that
the ultimate goal of appending Ada units to self-assembled nanofibers is their
binding with a suitable epitope-bearing βCD, the longitudinal spacing of Ada
units along PA nanofibers might contribute to improve further bioactivity when
in presence of cells.113
Figure 5.6: Microstructure characterisation of E3-PA, E3-PA/E3Ada-PA and E3-
PA/E3G3Ada-PA aligned hydrogels. A – C) Polarised light microscopy showing the
birefringence of single hydrogel strings indicating alignment along the string elon-
gated axis in A) E3-PA, B) E3-PA/E3Ada-PA 80:20 (mol%) and C) E3-PA/E3G3Ada-PA
80:20 (mol%) (scale bars = 1 mm). D) SEM micrographs of E3-PA, E) E3-PA/E3Ada-PA
80:20 (mol%) and E3-PA/E3G3Ada-PA 80:20 (mol%) hydrogels evidencing nanofiber
alignment due to elongational flow (scale bars = 10 μm, insets = 2.5 μm).
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Morphological and mechanical properties of these co-assembled nanofibers
might be mostly dictated by those of E3-PA as this represents the predomi-
nant filler component in the fibers. This prediction gave way to seize the
ability of E3-PA filler molecules to confer hierarchical ordering levels via the
well-understood entropy driven dehydration-rehydration process reported by
Zhang and co-workers (see Figure 2.11).121
In order to explore this possibility for our Ada-pendant co-assembled nanofi-
bers guest-PAs solutions containing an excess of E3-PA (80 mol%) and either
E3Ada-PA and E3G3Ada-PA (20 mol%) were prepared. These solutions were
heated at 80 ºC, slowly cooled down to room temperature and then manu-
ally dragged from a pipette onto a CaCl2 bath, obtaining transparent noodle-
shaped viscoelastic strings similar to those originated by E3-PA solutions.121
Presence of birefringent domains was found in E3-PA noodle-like strings,
as well as in its 80:20 mixtures with either E3Ada-PA or E3G3Ada-PA (Figure
5.6.A-C). Scanning electron microscopy (SEM) images show that highly paral-
lel oriented filaments are found in either pure E3-PA strings or its guest-PA
mixtures (Figure 5.6.D-F). These results show that the presence of Ada motifs
at the surface of co-assembled PA nanofibers neither disrupts fiber formation
nor interferes with their nano- to microscale hierarchical self-assembly.
5.6 Stiffness of E3-PA/E3Ada-PA & E3-PA/E3G3Ada-PA
co-assemblies
As Ada motifs showed no detrimental effects on the structure of co-assembled
hydrogel strings, their effect on stiffness of stand-alone hydrogels was as-
sessed using oscillatory rheology. Thermally treated mixtures of E3-PA and
different ratios of either E3Ada-PA and E3G3Ada-PA were turned into gels
by injection of an excess of CaCl2. E3Ada-PA-containing gels showed a loss
of transparency with an increasing fraction of E3Ada-PA, which reflected on
their mechanical properties.
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Only a 5 mol% of E3Ada-PA caused a drop in the storage modulus (G’)
of co-assembled hydrogels, from about 24 kPa in 100 mol% E3-PA hydro-
gels to around 15 kPa in 95:5 E3-PA/ E3Ada-PA mixtures. Increasing frac-
tions of E3Ada-PA proved adverse as further decrease in G’ values was ob-
served. These results indicate little compatibility between E3-PA and E3Ada-
PA monomers when forming co-assembled nanofibers, the close proximity of
Ada residues to negatively charged glutamate units might ultimately generate
disruptions in β-sheets in co-assembled nanofibers, thus causing fiber short-
ening and originating weaker hydrogels (Figure 5.7.A), similar reductions in PA
hydrogel stiffness by additions of up to 10% of epitope presenting PA have
been reported.115
Figure 5.7: Rheological characterisation of co-assembled E3-PA/E3Ada-PA and E3-
PA/E3G3Ada-PA hydrogels. A) Storage (G’) and loss (G”) moduli values of hydrogels
containing different E3-PA/E3Ada-PA ratios (1 wt%, [CaCl2] = 100 mM) determined
by oscillatory rheology. B) Co-assembled E3-PA/E3G3Ada-PA hydrogels showed no G’
nor G” significant dependence on the content of the Ada-bearing PA (*** p < 0.001;
**p < 0.01; n.s. no significant difference; n > 3).
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On the other hand, co-assembled hydrogels with increasing E3G3Ada-PA
content remained transparent up to 30 mol% of Ada-containing fractions and
showed no significant variation in stiffness compared to 100 mol% E3-PA
control hydrogels. In this co-assembly scenario, the presence of the three-
glycine spacer played a key role in increasing co-assembly compatibility of
E3-PA with E3G3Ada-PA. The independence of G’ with E3G3Ada-PA content is
an indicative of self-assembled nanofibers with increased length compared to
those originated by co-assembling E3Ada-PA (Figure 5.7.B). As E3G3Ada-PA
showed no interference with the resulting hydrogel mechanical performance
when co-assembled with an excess of filler E3-PA, these results indicate that
E3G3Ada-PA is a more suitable PA to further incorporate into co-assembled
nanofibers than E3Ada-PA, therefore, only E3G3Ada-PA was chosen for fur-
ther studies as guest-PA.
5.7 Non-covalent RGDS-βCD presentation on
co-assembled E3-PA/E3G3Ada-PA nanofibers
As rheological studies indicated that E3G3Ada-PA was a suitable candidate to
co-assemble with E3-PA without compromising the resulting mechanical prop-
erties of the gel, the formation of host-guest complexes involving the former
was studied. As βCD-AuNPs binding studies indicated (Figure 5.5.D and H),
E3G3Ada-PA offers the possibility to bind to βCD motifs, in the following stud-
ies the RGDS-βCD derivative shown in Figure 5.2 was chosen as the epitope-
bearer i.e. RGDS-Host (Synthesis details can be found in Section 5.10.1 and
Figure 5.15).225
RGDS-Host presents two main structural features, on one side it includes a
βCD unit suitable for binding with Ada-containing PA nanofibers, on the other
hand it contains an RGDS motif, which is known to bind to a variety of integrins
including αvβ3 and α5β1, thereby promoting cell adhesion. In RGDS-βCD this
peptide cell binding domain is allocated on the primary rim of βCD units, thus
exposing it on PA nanofiber surface after binding to Ada cues via the opposite
rim of the βCD macrocycle.
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In order to demonstrate the formation of this 1:1 host-guest complex we
performed NMR studies in solution state. Figure 5.8.A shows 1H-NMR spectra
corresponding to RGDS-βCD (whose H5 and H3 inner cavity protons are indi-
cated), E3G3Ada-PA (whose protons from Ada units are indicated) and a 1:1
mixture of them, in which some of the Ada protons have downfield shifted
after binding to βCD (Figure 5.8.B) suggesting partial inclusion (Figure 5.8.C).
In order to demonstrate the placing of Ada residues inside the βCD cav-
ity NOESY experiments were performed. Figure 5.8.D shows cross-peaks be-
tween Ada protons and H5 and H3 protons from βCD cavity (in green) that
are completely absent in the NOESY spectrum of E3G3Ada-PA by itself (Fig-
ures 5.9-11). These results confirmed the formation of the non-covalent host-
guest complex E3G3Ada-PA•RGDS-βCD (Figure 5.8.C) and the possibility to
use Ada cues in PA nanofibers as tethering points for RGDS-βCD cell binding
motifs.
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Figure 5.8: Spectroscopic characterisation of the host-guest inclusion complex
formed between RGDS-βCD (Epitope-Host) and E3G3Ada-PA (Guest-PA). A) 1H-NMR
spectra corresponding to free RGDS-βCD, free E3G3Ada-PA and an equimolar mix-
ture in D2O, T = 298 K, [Peptide] = 6.5 mM. B) Zoom showing the downfield shift
corresponding to adamantyl protons before and after complex formation. C) Schemat-
ics illustrating the formation of the 1:1 host-guest complex. D) NOESY experiments
demonstrating close proximity of adamantyl E3G3Ada-PA protons (green wedges) to
H5 and H3 inner cavityRGDS-βCD protons (orange and purple wedges correspond-
ingly) as cross peaks appear in the green traces, those peaks are absent in the
E3G3Ada-PA spectrum in absence of RGDS-βCD (red traces).
132
5.7.1 E3G3Ada-PA•RGDS-βCD effect on nanofiber formation
As spectroscopic evidence of the formation of E3G3Ada-PA•RGDS-βCD non-
covalent units was acquired, we decided to assess the effect of this host-guest
binding on self-assembled nanofibers morphology and conformation. CD stud-
ies indicated that host-guest complexation of RGDS-βCD units does not dis-
rupt β-sheet formation, as a similar β-sheet signature was found in both free
and RGDS-βCD-bound E3G3Ada-PA (Figures 5.12.A). Similar host-guest com-
plexations have been reported to drive more dramatic conformational changes
in the binding of host-guest-bearing PAs, as Redondo-Gómez and co-workers
reported on the host-guest binding of two cationic dodecapeptide amphiphiles
(as described in Chapter 4).155
The preservation of β-sheets in E3G3Ada-PA•RGDS-βCD might imply that
host-guest binding of shorter peptides can have a less imposing effect on
conformational changes of self-assembling peptides. Equimolar mixtures of
E3G3Ada-PA/RGDS-βCD exhibited fibrous morphologies on TEM, implying that
host-guest complexations did not alter fiber formation capacities (Figure 5.12.B)
in micro and millimolar concentration regimes, thus remaining suitable for fur-
ther co-assembly with the filler-PA E3-PA in ternary hydrogels.
5.7.2 Ternary E3-PA/E3G3Ada-PA•RGDS-βCD hydrogels
In order to assess the posibility to co-assemble E3-PA and E3G3Ada-PA•RGDS-
βCD units into functional hydrogels, mixtures of the three individual peptides
were carefully prepared, incubated at 80 °C, and let to cool down to room tem-
perature before gelifying them by injection of CaCl2. This thermal treatment
imprinted the ternary hydrogels with some degree of fiber alignment, as SEM
images demonstrated (Figure 5.12.D).
Increasing contents of the Ada-PA•RGDS-βCD complex led to different
stiffness in the resulting hydrogels, incorporation of 5 mol% and 10 mol%
Ada-PA•RGDS-βCD units in E3-PA gels originated no significant difference
in G’ and G” values compared to 100 mol% E3-PA control hydrogels (Figure
5.12.C).
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Moreover, fractions higher than 20 mol% Ada-PA•RGDS-βCD decreased
G’ values from 24 kPa to less than 10 kPa, implying a possible detrimental ef-
fect in fiber elongation due to electrostatic repulsion or geometric hindrances
amid RGDS-βCD motifs when present in concentrations higher than 10 mol%.
These results show that mechanical properties of ternary hydrogels compris-
ing E3-PA and different amounts of non-covalently presented RGDS motifs
can be retained as in ummodified E3-PA gels, or modulated as a function of
host-guest complex Ada-PA•RGDS-βCD concentration.
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Figure 5.9: NMR spectra corresponding to E3G3Ada-PA and its complex with βCD-
RGDS. A) 1H-NMR and B) NOESY spectra corresponding to E3G3Ada-PA (600 MHz,
8.9 mM, D2O, 298 K). C) Zoom of the indicated region in blue from panel B.
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Figure 5.10: A) 1H-NMR spectrum corresponding to RGDS-βCD (600 MHz, 8.5 mM,
D2O, 298 K). B) 1H-NMR spectrum spectra corresponding to E3G3Ada-PA mixed with
RGDS- βCD (600 MHz, 8.5 mM each, D2O, 298 K).
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Figure 5.11: A) NOESY spectra corresponding to E3G3Ada-PA mixed with RGDS-
βCD (600 MHz, 8.5 mM each, D2O, 298 K). B) Zoom of the indicated region from panel
A). C) Superposition of panels C (in red) and G (in green) showing that the cross-peaks
in green arise from the interaction between adamantane protons of E3G3Ada-PA and
H3 (violet) and H5 (orange) protons from the cavity of RGDS-βCD.
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Figure 5.12: Co-assembly of the E3G3Ada-PA•RGDS-βCD system. A) CD spectra of
free E3G3Ada-PA, RGDS-βCD, RGDS-Peptide, and an equimolar mixture of E3G3Ada-
PA/RGDS-βCD at 25 °C indicating the formation of the complex E3G3Ada-PA•RGDS-
βCD. B) TEM micrograph showing the persistence of nanofibers after E3G3Ada-
PA•RGDS-βCD formation (scale bar = 500 nm). C) Rheological characterisation of
co-assembled E3-PA /E3G3Ada-PA•RGDS-βCD hydrogels. Storage (G’) and loss (G”)
moduli values of different E3-PA / E3G3Ada-PA•RGDS-βCD hydrogels (1 wt%, [CaCl2]
= 100 mM, ****p < 0.0001; n.s. no significant difference; n > 3). D) SEM micrograph
of a 90:10 thermally treated hydrogel showing the presence of fiber alignment (scale
bar = 10 μm, inset = 2.5 μm).
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5.8 Non-covalent RGDS-βCD epitope display on PA
hydrogels
Knowing that RGDS motifs can be successfully projected out of the PA nanofiber
surface via host-guest interactions, we decided to investigate cell response to
this non-covalent presentation using in vitro fibroblasts cultures. Cell viabil-
ity assays on solution showed good citocompatibility of individual components
(Figure 5.13), therefore, NIH-3T3 fibroblasts were cultured atop co-asembled
E3-PA hydrogels with increasing fractions of Ada•RGDS-βCD complex, we hy-
pothesised that increasing contents of host-guest presented RGDS epitopes
would lead to faster cell attachment and spreading response to the hydrogel
scaffolds.
Figure 5.13: LIVE/DEAD assay on a monolayer of NIH-3T3 fibroblasts after culture
in 1.0 mM and 0.5 mM E3-PA, E3G3-PA, E3Ada-PA, E3G3Ada-PA¸ βCD-RGDS and
RGDS solutions.
Short incubation periods (≤ 3 h) were chosen to evaluate fibroblasts attach-
ment and spreading onto the hydrogels.226 After incubation cells were fixed
and fluorescently stained for actin and nucleus. In this fashion, morpholog-
ical changes in fibroblasts morphology were tracked and representative cell
fluorescence images are shown in Figure 5.14.A.
Qualitatively speaking, fibroblasts cultured for 30 min on E3-PA control hy-
drogels exhibited little spreading and a rather rounded shape that indicates lit-
tle to none attachment to the substrate, on the other hand cells cultured atop
gels with increasing content of Ada•RGDS-βCD appeared more spread and
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with rather angular morphologies (for instance the 30 min gel with 20 mol% of
Ada•RGDS-βCD in Figure 5.14.A). These differences became more notorious
after 3 h of culture, when cells on E3-PA control hydrogels started to show
more spread polygonal shapes, while cells on Ada•RGDS-βCD gels appeared
more spread and with a number of cell protruding extensions, indicative of a
more advanced stage of attachment and spreading to the hydrogel substrate
(compare the same 3h 20 mol% Ada•RGDS-βCD gel in Figure 5.14.A).
In addition to cell morphology changes, phalloidin staining also revealed
noticeable differences in cell cytoskeleton architecture and actin filaments dis-
position amongst cultures. After 3 h of culture on E3-PA control hydrogels fi-
broblasts’ cytoskeleton exhibited a rather homogeneous distribution of actin
among the cytoplasm and little stress fibers.227 On the contrary, cells cul-
tured on gels with increasing content of the host-guest pair Ada•RGDS-βCD
exhibited increasingly organised networks of actin microfilaments, with higher
and densely packed contents of actin close to the plasma membrane, a pos-
sible indicative of focal adhesion formation as the result of a later spreading
stage.228,229
We decided to quantify this enhanced fibroblast response to host-guest
presented RGDS by monitoring changes in cell morphology. For this purpose
we opted to use the ratio of projected cell area (Ace indicated by actin content
in the cytoskeleton) to cell nucleus area (Ances indicated by DAPI staining).
This ratio (Ace/Ances) allows for projected cell area normalisation resulting
in a more thorough comparison among cells with similar projected areas but
that could undergo different attachment stages, though other measurements
like cell aspect-ratio or convex hull can also be used.
Our assays show that hydrogels with increasing fractions of the Ada•RGDS-
βCD complex anchored to PA nanofibers develop faster cell attachment re-
sponse than control E3-PA gels. In these E3-PA control gels cell attachment
becomes sgnificantly different only after 3 h of culture (red bars, Figure 5.14.B),
meanwhile, gels with a 10 mol% fraction of the Ada•RGDS-βCD complex
showed significant differences after only 1 h of culture (dark blue bars, Fig-
ure 5.14.B), and gels with a 20 mol% content developed differences after just




































































































































































































































































































































As no significant differences were found in cell spreading in all samples af-
ter 30 min culture (Figure 5.14.C) it can be stated that only initial cell-substrate
contact and passive adhesion are taking place, in such way, events in which
the presentation of RGDS from the substrate do not play a relevant role at
this stage.
After 1 h of culture more spread morphologies are found in Ada·RGDS-
βCD containing hydrogels versus control E3-PA ones (although no significant
difference was found), indicating that RGDS presentation from the substrates
starts playing a role in receptor–ligand binding, in fact, high density presenta-
tion of epitopes on PA nanofibers is known to facilitate receptor clustering for
signaling and also maximize successful binding between ligands and recep-
tors.113
After 3 h of culture all Ada•RGDS-βCD containing hydrogels showed signif-
icantly different spreading areas compared to E3-PA controls, indicating that
fractions of Ada•RGDS-βCD as little as 5 mol% are sufficient to trigger late
cell spreading events like modulation of cytoskeleton assembly226 focal adhe-
sion formation, and cell motility, events that have not started to take place in
E3-PA control gels at this 3 h stage (Figure 5.14.C).
The observed increase in cell spreading in RGDS containing gels but not in
E3-PA controls discarts that cells are reacting to hydrogel stiffness115 rather
than RGDS content,3 and also allows to neglect contributions from serum pro-
teins adsorbed to the nanofiber surface during these early culture stages. Con-
trol hydrogels fomulated with an excess of filler E3-PA and 10 mol% of either
E3G3-PA/RGDS-βCD (lacking Ada binding units, see Table 5.1) or E3G3-Ada-
PA/RGDS (lacking βCD binding units) showed no difference in cell morphology
and spreading compared to E3-PA gels, indicating that host-guest-mediated
epitope presentation is responsible for the observed cell attachment response
in Figure 5.14 experiments rather than electrostatic adsorption of RGDS-βCD
to nanofibers.115 Overall, these results indicate that host-guest interactions
are fitting to perform presentation of RGDS epitopes on PA nanofibers.
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5.8.1 Advantages of the host-guest-mediated epitope display
approach
Most applications involving co-assembled presentation of epitopes in PA-based
hydrogels actually report on the use of concentrations comprised in the range
of 5 - 10 mol% reported in Figure 5.14.C, this implies that our non-covalent
epitope presentation can achieve similar efficacy as traditional covalent ap-
proaches.
Our Ada/βCD epitope anchoring approach offers different advantages over
conventional covalent epitope attachment. First, nanofiber decoration can be
made as a one-pot preparation procedure or can be effectuated post-fiber as-
sembly, thus allowing for versatility.
Second, our host-guest epitope presentation approach relies on the modu-
lar assembly of fiber backbone and pendant Ada units, these monomer units
have the same peptide backbone (i.e. they are isostructural) but can be dec-
orated with a cocktail of different soluble host-epitopes at the same time, the
overall non-covalent assembly of our host-guest system allows simple prepa-
ration by mixing all the peptide monomer units in the desired ratiometric
amounts.
Another possible advantage of non-covalent decoration of PA nanofibers is
the posibility choose the order of incorporation of the epitopes, as nanofiber
host-guest epitope binding can take place during or after fiber assembly. This
modular approach can also allow for the presentation of biomimicry biosignals
whose covalent incorporation into a PA sequence would prove synhtetically
demanding either by their length, conformational hindrances, overall yield or
purification feasability. The dynamic nature of the non-covalent epitope bind-
ing does not limit biosignal presentation to static conformational restrictions
imposed by traditional covalent bonds, thus allowing for a new spectra of cell
responses to the hydrogel scaffold as a function of a particular host-guest sys-
tem of choice.31
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Lastly, by choosing a suitable host-guest pair that is stimuli-responsive
(including light, pH, ion, redox or thermorresposiveness, see Figure 2.15) PA
fibers might be selectively attached or detached to whatever biorrelevant epi-
tope of choice, allowing dynamic on demand regulation of the non-covalent
presentation of epitopes on self-assembled peptide nanostructures, whereby
making them match the complex time-scales of physiological processes as our
cationic host-guest system from Chapter 4 demonstrates (see Figure 4.28.A).
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5.9 Closing remarks
In this study we have demonstrated the efficacy of a new high-density epi-
tope presentation strategy on peptide amphiphile-based self-assembled scaf-
folds mediated by non-covalent interactions. This novel approach relied on
the host-guest-mediated presentation of RGDS epitopes and led to increased
PA nanofiber bioactivity.
Increasing concentrations of non-covalently attached RGDS epitopes cor-
related with incremented cell responses like substrate attachment, spreading
and actin organisation as a consequence of the integrin receptor activation
driven by the non-covalent presentation of biological cues. We hope that this
work may open new molecular design possibilities to enhance biomimicry dis-
play on other self-assembled scaffolds relevant to tissue engineering and re-
generative medicine applications.
This part of the thesis (including Chapter 5 and Chapter 4) demonstrated
the benefits of the convergent incorporation of β-CD and Ada motifs in PA hy-
drogels. The next part of the thesis explores the potential to trigger supramolec-
ular gelation by another family of host-guest interactions: those mediated by
the cucurbit[n]uril family.
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5.10 Materials and methods
All reagents were purchased from Sigma-Aldrich and used without any fur-
ther purification unless otherwise stated. Phosphate buffered saline (PBS 1x),
Dulbecco’s Modified Eagle’s Medium (DMEM), Hank’s Balanced Salt Solution
(HBSS), Penicillin/Streptomycin (P/S), and Foetal Bovine Serum (FBS), were ob-
tained from Gibco (Life Technologies).
5.10.1 Peptide synthesis and purification
Peptide amphiphiles and were synthesised using modifications of previously
reported SSPS procedures.230 Guest-PAs were prepared following the same
methodology presented in Section 4.12.1.155
βCD-RGDS was prepared and purified following the work of Wong and col-
laborators (Figure 5.15).225 Peptides were purified using reverse phase HPLC
(RP-HPLC) and their identity was confirmed using electrospray ionisation mass
spectrometry (ESI-MS).
Figure 5.15: Preparation of βCD-RGDS derivative.225
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5.10.2 Transmission electron microscopy (TEM)
Peptide 0.05 wt% HEPES solutions were negatively stained as follows: solu-
tions were drop-casted on holey carbon-coated copper TEM grids (Agar Scien-
tific, Stansted, UK), solution excess was blotted after 5 min incubation, then
incubated one minute with 2% uranyl acetate, grids were then washed with
ultrapure water for 30s and air dried for 24h at room temperature before imag-
ing. Bright-field TEM images were acquired on a JEOL 1230 Transmission Elec-
tron Microscope operated at 80 kV. All the images were recorded by a Morada
CCD camera (Image Systems) and at least six areas were analysed (corre-
sponding to n ≥ 100 PA fibers).
5.10.3 Circular dichroism (CD)
Assessment of secondary structure of self-assembled nanostructures was un-
dertaken with a 1 mm path-length quartz cuvette placed in a Pistar-180 spec-
tropolarimeter (Applied Photophysics, Surrey, UK) equipped with a Peltier tem-
perature controller, under a constant nitrogen purging at a constant pressure
of 0.7 MPa and temperature of 25 °C. Peptides were dissolved in HEPES 10
mM saline (155 mM NaCl pH 7.4) reaching a final concentration of 0.01 wt%.
Far UV spectra were recorded from 190 to 270 nm a wavelength step of 0.5
nm. Each represented spectrum is the average of three consecutive spectra.
Temperature variable CD experiments were carried out between 10 ºC and 70
ºC, with a heating rate of 1 ºC/min, and collecting three spectra every 10 ºC.
5.10.4 Hydrogel preparation
Peptides were dissolved in HEPES buffer at a concentration of 1.5 wt%, mixed
thoroughly according to the desired Filler-PA/Host-guest ratio, incubated at 80
°C for 30 min and let to slowly cool down to room temperature, this is called
“peptide stock solution”. Subsequently, a 30 μL drop of peptide stock solution
was placed onto a polydimethylsiloxane (PDMS) support, injected with 15 μL
of CaCl2 100 mM and incubated at 28 ºC and relative humidity of 38% for 24
h to afford 1 wt% self-assembled hydrogels in all cases.
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5.10.5 Peptide string formation
An aliquot of 15 μL peptide stock solution was manually dragged from a pipette
onto a glass slide covered by a thin layer of CaCl2 100 mM solution. Noodle-
shaped viscoelastic strings were obtained and left to age for at least 15 min-
utes before using.
5.10.6 Polarised ligh microscopy
An optical microscope with polarising filters (Olympus BX60 Upright compound
light microscope) was used to visualise birefringence in the noodle-shaped
hydrogel structures. At least three samples were measured per condition (n ≥
3).
5.10.7 Scanning electron microscopy (SEM)
PA hydrogels underwent stepwise dehydration, critical point drying and gold
coating before SEM imaging. Initially peptide hydrogels were stepwise dehy-
drated by immersion in increasingly concentrated ethanol solution (20%, 50%,
70%, 80%, 90%, 96%, 100%), for 5 min twice in each solution. Dehydrated
samples were dried using a critical point dryer (K850, Quorum Technologies,
UK) and gold coated before imaging on an Inspect F50 (FEI Company, the
Netherlands) (n ≥ 3).
5.10.8 Nuclear magnetic resonance (NMR)
E3G3Ada-PA was dissolved in D2O at a final concentration of 10-12 mg/mL
(using NaOD to promote peptide solubility) and 1 equivalent of βCD-RGDS
was added to the mixture. Two dimensional nuclear Overhauser effect spec-
troscopy (NOESY) NMR spectra were recorded on a Bruker AvanceNEO 600
spectrometer at room temperature.
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5.10.9 Rheology
Hydrogels’ rheological characterization was performed with a DHR-3 Rheome-
ter (TA Instruments, USA) using an 8 mm diameter parallel plates geometry.
G’ (storage modulus) and G”(loss modulus) were monitored by amplitude and
frequency sweeps. G’ and G” moduli were measured at 25 °C and a constant
frequency of 1 Hz in the 0.01% – 10% strain during the amplitude sweep, while
the oscillation frequency experiments were carried out at a 0.1% fixed strain
along 0.1 – 100 Hz.
5.10.10 Cell culture experiments
All cell culture experiments were conducted with a NIH-3T3 fibroblasts cell line.
NIH-3T3 fibroblasts were cultured with DMEM medium supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin and 1% streptomycin. Cells were
maintained in a humidified 5% CO2 atmosphere at 37 °C.
5.10.11 In vitro cell viability assays
15 000 NIH-3T3 fibroblasts were seeded in a 96-well plate and cultured for 1
day until a monolayer was formed. Cells were incubated with a peptide solu-
tion of the desired concentration for 1 h. Peptide was then removed, cells were
washed thrice with HBSS and placed with fresh DMEM medium and imaged the
next day using the LIVE/DEAD Viability/Cytotoxicity Assay Kit (Thermo Fisher
Scientific, UK). Cells were incubated in 10 mM Calcein AM and 1 mM ethidium
homodimer-1 (EthD-1) DMEM medium for 30 min before imaging, stained sam-
ples were visualised on an inverted epifluorescence widefield Leica DMI4000B
microscope (Leica, Germany) equipped with a LEICA DFC300 FX CCD camera.
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5.10.12 In vitro cell adhesion assessment
On a typical experiment a 5 μL aliquot of a 10 mM PA ternary mixture of
E3-PA/E3G3Ada-PA•βCD-RGDS was injected within 50 μL of CaCl2 100 mM
solution (1 mM peptide final concentration). After 30 minutes gelation the ex-
cess of CaCl2 was removed and 30 000 NIH-3T3 cells were seeded onto the
hydrogels.
Hydrogels (n ≥ 3) were incubated for 30 min, 1 h and 3 h timepoints in sup-
plemented DMEM before fixation, staining and imaging as follows. Cells were
fixed using a 4 wt% paraformaldehyde (PFA) 1x PBS solution overnight at 5 ºC,
washed with PBS, blocked with a BSA 2 wt% 1x PBS solution for 2 h, washed
with PBS. Samples were firstly stained with DAPI (Sigma-Aldrich) at a 1/5000
dilution for 5min (cell nuclei staining), washed with 1x PBS, then stained with
Rhodamine-Phalloidin R415 (Sigma-Aldrich) at a 1/250 dilution in 1x PBS for
40 min (F-Actin staining). Confocal fluorescent images were acquired using
a Leica TCS SP2 and Zeiss LSM710 confocal microscopes. Cell adhesion was
monitored using Fiji ImageJ software (http://imagej.nih.gov/ij) (NIH, USA) to









Based on a Homoternary
Cucurbit[8]uril Host-Guest
Complex
Figure 6.1: CB[8]-guest strategy to dynamically cross-linking PA nanofibers.
This chapter describes an unreported strategy to generate PA hydrogels based
on the formation of a host-guest homoternary complex with CB[8] and aro-
matic amino acid-bearing PA nanofibers. The molecular design is firstly pre-
sented, then evidence of the host-guest phenomena is provided, followed by
morphological, rheological and cell culture studies.
This study will be submitted for publication to Biomaterials Science:
• Redondo-Gómez, C.; Padilla-Lopategui, S.; Azevedo, H. S.; Mata, A. Self-
assembling peptide amphiphile hydrogels based on a homoternary cucur-
bit[8]uril host-guest complex. To be submitted to Biomaterials Science.
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6.1 Overview
Most hydrogels used as scaffolds for tissue engineering and model extracel-
lular matrices for biological studies are based on fibrillar network formation
of covalent polymer networks. Supramolecular hydrogels based on PAs are a
more promising alternative, as they can recapitulate aspects of native extra-
cellular matrixes in a better way that covalent polymer hydrogels.
Though PA hydrogels are conventionally formed via electrostatic screen-
ing, more sophisticated and dynamic hydrogelation mechanisms might help
to improve PA design and application. Here we show an unreported host-
guest-mediated PA hydrogelation method that relies on the formation of a
host-guest homoternary complex with CB[8] and aromatic amino acid-bearing
PA nanofibers.
As a result of the host-guest non-covalent crosslinking between PA nanofibers,
morphological and rheological differences were found when host-guest medi-
ated PA hydrogels were compared to their ion-based equivalents. As both
systems exhibited similar biocompatibility, we believe that CB[8]-mediated
hydrogelation can be used as an additional tool to understand and improve
the design of PA, peptide and other supramolecular polymer-based systems of
biomedical and clinical relevance.
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6.2 Introduction
Supramolecular chemistry provides materials science with powerful approaches
to control molecular self-assembly.31,231 Property control relies on the manipu-
lation of noncovalent forces guiding biomolecular self-organization and recog-
nition processes.232,233 This often confers reversible, tunable, dynamic and
modular control over morphological and functional aspects of the resulting as-
semblies.234,21 As a consequence, many functional and precisely organized
polymer,100,235 sugar,205 nucleic acid,236 protein,237,238 peptide,239,240 and
peptide derivative217-based supramolecular biomaterials have been reported.
Hydrogels are soft materials suitable for biomedical applications in the
light of their molecular-scale control over mechanical and bioresponsive prop-
erties.7,6,241 Unlike polymer-based hydrogels, supramolecular hydrogels are
composed of small molecules that self-assemble through non-covalent inter-
actions into often fibrillar 1D objects (see Section 2.3).38 Supramolecular
peptide-based hydrogels rely on this principle by either using nature-inspired
motifs (primarily β-sheet formation) or non-native designs to promote self-
assembly, which is the case of peptide amphiphiles.63
PAs represent a comprehensively studied family of self-assembling pep-
tides programmed to form fibrillar 1D structures in aqueous environments.96
PA molecules often comprise a lipid hydrophobic tail, a β-sheet forming seg-
ment and a hydrophilic polar head of amino acid residues apt to carry biofunc-
tional epitopes. Either pH changes or the presence of metal cations produce
charge screening of these segments, thus yielding self-assembled μm-long 1D
fibers (see Section 2.4).194
As this fibrillar 3D network assembles macroscopic hydrogels that mimic
the natural extracellular matrix (ECM) are obtained.1 These hydrogels have
proved their utility in tissue engineering and regenerative medicine applica-
tions, as they prompt in vitro cell migration121 and differentiation209 as well as
in vivo regeneration of axons,123 blood vessels,124 myocardium,107 bone,125
and cartilage.127
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Host guest interaction motifs are central in supramolecular materials, and
they usually involve the formation of a complex between a suitable macrocy-
cle (most commonly a cyclodextrin or a cucurbit[n]uril) with appended guests
on polymer chains (see Section 2.5).162 Even though the vast majority of ef-
forts to create hydrogels via host–guest interactions have focused on polymer-
based hydrogels,221,82 a recent paper by Redondo-Gómez and collaborators
studies the use of host-guest Ada/βCD cues as non-covalent crosslinks be-
tween PA nanofibers.155 Nevertheless no reports on cucurbit[n]uril-PA based
systems are found in literature.
Cucurbit[8]uril (CB[8]) is a macrocyclic octamer of glycoluril units bound
together by 16 methylene bridges (Figure 6.2).146,242 CB[8] features two
identical polar portals to a hydrophobic cavity, large enough to simultane-
ously accommodate two organic guests,73 thus forming highly stable ternary
complexes with a variety of small chemical species,243,244 including aromatic
amino acids: tyrosine (Y),149 phenylalanine (F) and tryptophan (W, see Section
2.5).
These last two amino acids have been reported to selectively bind to CB[8]
forming a 2:1 homoternary complex in several systems, including tri-245 and
oligopeptides,246 and macromolecular systems including proteins,247 enzymes,248
polysaccharide derivatives,140,249 intracellular drug delivery systems,250 as
well as polymer nanoparticles,251 and styrenic polymer-based hydrogels.252
In this chapter, we describe the synthesis and self-assembly study of new
PA class (Figure 6.2), able to undergo conventional ion-mediated gelation but
also forms supramolecular gels via an unreported gelation mechanism via ho-
moternary host-guest complex with CB[8]. Thorough spectroscopic charac-
terisation of the host-guest complexation mechanism is provided, as well as a
comparison of the hydrogels’ mechanical properties and their suitability to be
used in cell culture scaffolds for tissue engineering applications.
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6.3 Guest-PA molecules suitable for CB[8] binding
6.3.1 Rationale and molecular design
As aromatic amino acids (most reports are on phenylalanine and tryptophan)
are known to form a complex with CB[8]252,245 we investigated the effect
of presenting these aromatic amino acids at the surface of self-assembled PA
nanofibers. In this study we designed two anionic guest PA molecules isostruc-
tural to E3-PA (C16-V3A3E3), whose supramolecular aggregation is known to a
good extent.
Figure 6.2: Molecular structures of the peptide amphiphile (PA) molecules reported
in this study. All PA molecules are isostructural to the negatively charged E3-PA.
Five glycine residues were included as spacer, followed by either a phenylalanine or
a tryptophan residue in G5F-PA and G5W-PA respectively.
Both guest-PAs (sequence: C16-V3A3E3G5X) comprise an aliphatic palmi-
toyl tail C16- at their N-terminus, followed by a β-sheet forming amino acid
sequence -V3A3- that ensures the formation of high-aspect ratio nanofibers.
Three ionisable glutamic acid residues -E3- are included immediately after in
order to promote nanofiber solubility in water. In order to promote display of
aromatic amino acid residues (X) a pentaglycine -G5- spacer was included af-
ter the negatively charged region, the insertion of this glycine pentad allows
for a flexible, uncharged spacer that separates further amino acid residues
approximately 19.3 Å from the negatively charged fiber region.115
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This structural feature combination allows for surface display of either a
phenylalanine (X = F in G5F-PA) or a tryptophan (X = W in G5W-PA) residue
once the PA monomers self-assemble into nanostructures (Figure 6.2).
Figure 6.3: Purity and sequence confirmation corresponding to E3-PA. A) RP-HPLC
and B) ESI-MS traces corresponding to E3-PA.
Control E3-PA, and guest-PAs: G5F-PA and G5W-PA were synthesized using
standard solid-state peptide synthesis (SSPS) followed by purification through
RP-HPLC. Further synthesis and characterization details can be found in Sec-
tion 6.9.2 (Figures 6.3, 6.4, 6.5). All of these results are briefed in Table 6.2.
Figure 6.4: Purity and sequence confirmation corresponding to G5F-PA. A) RP-HPLC
and B) ESI-MS traces corresponding to G5F-PA.
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Figure 6.5: Purity and sequence confirmation corresponding to G5W-PA. A) RP-HPLC
and B) ESI-MS traces corresponding to G5W-PA.
Table 6.2: Chemical characterisation of the herein reported anionic peptide am-
phiphiles.
Peptide Calculated Found Purity
(m/z) (m/z, ∅) (%, ♯)
E3-PA 1152.70 1151.7 [M-H]- 96
G5F-PA 1584.88 791.44 [M-2H]2- 97
G5W-PA 1623.89 813.58 [M-2H]2- 95
Notes:
∅ Determined through ESI-MS,
♯ Assessed through RP-HPLC.
6.3.2 Guest-PAs supramolecular self-assembly in solution
Self-assembled G5F-PA and G5W-PA nanofiber formation was investigated us-
ing transmission electron microscopy (TEM). TEM micrographs evidence the
presence of micron-long nanofibers of around 11-14 nm diameter in both
guest-PA solutions at 25 ºC. G5F-PA originated stand-alone nanofibers (Fig-
ure 6.6.A), whereas G5W-PA nanofibers appear to coalesce into submicron-
size bundles (Figure 6.6.C). A more robust stacking between adjacent indole
rings in G5W-PA can account for this tendency to form bundles, which was not
observed in G5F-PA under the same micromolar concentration regime .
Negatively charged PA molecules analogue to E3-PA (therefore, analogue
to G5F-PA and G5W-PA as well) offer the possibility to access hierarchical
nanofiber ordering levels via a entropy driven dehydration-rehydration process
(see Section 2.4.3 and Figure 2.11).121
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Figure 6.6: Self-assembly of G5F-PA and G5W-PA into nanofibers. A) TEM micro-
graphs of G5F-PA and C) G5W-PA at 25 ºC. B, D) TEM micrographs of the same PA
samples thermally treated at 80 ºC ([G5F-PA] = [G5W-PA] = 63 μM, in HEPES buffer).
In order to explore this possibility for our guest-PAs G5F-PA and G5W-PA
solutions were heated at 80 ºC and then slowly cooled down to room tem-
perature. In the case of G5F-PA TEM micrographs evidence formation of in-
tertwined filaments with larger diameters than the pristine nanofibers (Figure
6.6.B), meanwhile G5W-PA bundles turned into micron-size aggregates with
highly parallel oriented filaments (Figure 6.6.D). These results show that the
presence of G5F or G5W motifs at the surface of PA nanofibers neither dis-
rupts fiber formation nor interferes with their nano- to microscale hierarchical
self-assembly.
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6.4 Guest-PAs-CB[8] host-guest interactions
As PA nanofibers with pendant phenylalanine and tryptophan amino acids
were found to assemble in solution, it was hypothesised that these aromatic
residues might form their corresponding inclusion complex with CB[8].
6.4.1 Homoternary complex formation
1H-NMR spectroscopy revealed changes in the chemical shifts of the signals
between 7.1 and 7.8 ppm , corresponding to the protons of the phenyl and
indole ring in G5F-PA and G5W-PA, suggesting their placement in a new mag-
netic environment when in presence of CB[8] (Figures 6.7 and 6.8).
Figure 6.7: 1H-NMR spectra corresponding to A) G5F-PA, B) its CB[8] homoternary
complex (G5F-PA)2•CB[8], and C) a zoom of the aromatic region from both spectra
(600 MHz, 4.1 mM, D2O/ND4OD, 298 K).
Monitoring of aromatic motifs fluorescence through the method of contin-
uous variations253 (Figure 6.9) allowed to construct the Job Plots shown in
(Figure 6.10.A), whose maxima around 0.66 PA mole fraction confirm the ex-
pected 2:1 binding mode and the formation of the homoternary complexes
(G5F-PA)2•CB[8] and (G5W-PA)2•CB[8]. The slightly steeper triangular-like
shape originated by G5F-PA might be an indicator of a greater affinity towards
CB[8] than G5W-PA, in any case both complexes should exhibit high binding
equilibrium constants (Keq up to 1012 M-2).252
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Figure 6.8: 1H-NMR spectra corresponding to A) G5W-PA, B) its CB[8] homoternary
complex (G5W-PA)2•CB[8], and C) a zoom of the aromatic region from both spectra
(600 MHz, 3.8 mM, D2O/ND4OD, 298 K).
There are a collection of intermolecular events taking place while these
complexes form. Inclusion of PA molecules can be accounted by the release of
‘high-energy’ water upon complexation, as well as the formation of hydrogen
bond between N-H protons from peptide bonds and both of CB[8] carbonyl
portals,147 and aromatic interactions between the aromatic amino acids. In
fact, aromatic interactions seem to play a key role, as CB[8] appears not to
interact with PA molecules lacking the G5F or G5W motifs as circular dichroism
(CD) studies of E3-PA/CB[8] revealed (Figure 6.10.B). These results demon-
strate that PA molecules can take part in homoternary host-guest complexa-
tions with a suitable macrocyclic host.
Figure 6.9: Fluorescence spectra of increasing molar ratio of PA:CB[8] employed for
Job Plot analysis.
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Figure 6.10: Host-guest interaction between PAs and their complementary macro-
cyclic host CB[8] in aqueous media. A) Fluorescence spectroscopy revealed the for-
mation of (G5F-PA)2•CB[8] and (G5W-PA)2•CB[8] 2:1 complexes. B) Circular dichro-
ism (CD) evidences no molecular binding between control E3-PA and CB[8].
6.4.2 CB[8]/Guest-PA interactions affect fiber conformation
As complexation between (G5F-PA)2•CB[8] and (G5W-PA)2•CB[8] was evi-
denced, we decided to investigate whatever repercussions these complexa-
tions might have on the secondary structure of the self-assembled nanofibers.
CD investigations showed that both G5F-PA and G5W-PA nanofibers exhibit
a β-sheet signature signal characterised by a positive maximum centred at
205 and 203 nm respectively (Figure 6.11.A,D), whereas in presence of CB[8]
both signals experience a 1 nm red-shift and a significant intensity increment,
a similar shift was observed in the negative minima centered around 220 and
218 nm. These red-shifts can be attributed to increasing levels of twisting of
the β-sheets at the nanofibers core, while the intensity increase can be the
result of re-arrangement of these β-sheets into longer and more regular ones



















































































































































































































































































































































































































































In the case of G5W-PA/CB[8] mixtures, an important intensity increase
took place, accompanied by the notorious appearance of a positive maximum
at 231 nm (Figure 6.11.D). Even though a positive band at this wavelength can
be associated to disulphide bonds, we can discard this possibility,254 and at-
tribute it to close intermolecular contacts between indole rings from adjacent
tryptophan residues,255,256 as in the case of PEG-ylated tryptophan-containing
amphiphiles.257
CD investigations showed how the formation of homoternary (PA)2•CB[8]
complexes is temperature sensitive, maintaining significant degrees of in-
teraction at physiologically relevant temperatures, and being disassembled
above 60 ºC (Figure 6.11.B,E). (PA)2•CB[8] complexes exhibited conforma-
tional changes after 12 h of ageing. The negative minimum originally centered
at 223 nm in (G5F-PA)2•CB[8] nanofibers exhibited a 3 nm red-shift indicating
further β-sheet twisting after initial fiber preparation (Figure 6.11.C), while the
(G5W-PA)2•CB[8] positive maximum lost about 25% of its initial intensity, in-
dicating a possible loss of β-sheet length and regularity due to ageing (Figure
6.11.F). These findings are in good agreement with other host-guest PA sys-
tems based on Ada/βCD interactions.155 These results show that supramolec-
ular complexations at the periphery of guest-PA nanofibers can lead to confor-
mational changes in peptide monomer units.
6.5 Self-assembled hydrogels based on PA-CB[8]
host-guest interactions
6.5.1 CB[8] triggers PA hydrogelation
Having assessed how the formation of homoternary (PA)2•CB[8] complexes
occurring at diluted concentration regimes, we decided to investigate if this
non-covalent union can be used to dynamically cross-link PA nanofibers at
higher concentrations relevant to hydrogel formulation. When a 350 μM solu-
tion of CB[8] was injected into G5F-PA about 6 mM solution, a transparent 1
wt% gel was obtained. G5W-PA rendered a more turbid gel.
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Gelation of both PA solutions represented a macroscopic reflection of changes
in self-assembly at the molecular level, therefore we proceeded to assess
those changes in the microstructure of the gels.
Figure 6.12: Microstructure analysis of G5F-PA-based hydrogels showing nanofiber
persistence and alignment due to thermal treatment in CB[8] and Ca2+-based gels.
A-D) SEM micrographs of G5F-PA hydrogels: A) non-heated CB[8]-based B) non-
heated Ca2+-based C) heated CB[8]-based, and D) heated Ca2+-based. (1 wt% gels
in all cases, [CB[8]] = 350 μM, [Ca2+] = 50 mM, scale bars = 5 μm, inset scale bars
= 2 μm).
Scanning electron microscopy (SEM) images exhibit the persistence of a fib-
rillar 3D network of over micron-length nanofibers in the case of G5F-PA/CB[8]
hydrogels (Figure 6.12.A). Meanwhile G5W-PA/CB[8] hydrogels exhibited shorter
fiber arrays, randomly stacked forming a three-dimensional network (Figure
6.13).
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Figure 6.13: Microstructure analysis of G5W-PA-based hydrogels showing nanofiber
persistence and alignment due to thermal treatment in CB[8] and Ca2+-based gels.
A-D) SEM micrographs of G5W-PA hydrogels: A) non-heated CB[8]-based B) non-
heated Ca2+-based C) heated CB[8]-based, and D) heated Ca2+-based (1 wt% gels
in all cases, [CB[8]] = 350 μM, [Ca2+] = 50 mM, scale bars = 5 μm, inset scale bars
= 2 μm).
Thermally treated guest-PA solutions were also subjected to gelation via
CB[8] complex formation, thermally treated G5F-PA/CB[8] hydrogels exhib-
ited nanofiber alignment across micron scales (Figure 6.12.C), meanwhile ther-
mally treated G5W-PA/CB[8] hydrogels presented twisted filaments made of
bundled peptide fibrils. Thermal treatment appears to promote parallel align-
ment of nanofibers (Figure 6.13.C) into peptide fibrils of greater size than those
found in TEM images of non-gelated G5W-PA solutions (Figure 6.12.D) as a re-
sult of fiber interaction with CB[8] (Figure 6.14).
166
Figure 6.14: SEM micrographs corresponding to G5W-PA/CB[8] hydrogels (scale
bars = 75 μm, 38 μm, 3.8 μm, and 2.3 μm respectively).
Similar apparition of bundled and twisted fiber morphologies of varying di-
ameters has been reported by Freeman and co-workers,17 the emergence of
such morphologies is attributed to large-scale spatial redistribution of molecules,
directed by strong noncovalent electrostatics and Watson-Crick DNA base-
pairing. Our study might contribute to add host-guest complexations to this
list of interactions. The above discussed results show how the combination
of simple thermal alignment of nanofibrillar materials and the dynamic cross-
linking ability of CB[8] can lead access to further hierarchical ordering levels
in self-assembled peptide-based hydrogels.
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6.5.2 CB[8]-based versus Ca2+-based PA hydrogelation
PAs traditionally form self-supporting gels from solutions upon pH changes or
addition of metal ions.194 G5F-PA and G5W-PA were found to be no exception,
as addition of CaCl2 (as source of Ca2+ ions) rendered transparent gels in ev-
ery case. Room temperature G5F-PA solutions originated anisotropic fibrillar
3D networks (Figure 6.12.B), meanwhile thermally treated G5F-PA solutions
rendered regularly aligned nanofibers (Figure 6.12.D) similar to their analogue
CB[8]-based gels in both cases.
G5W-PA Ca2+-based hydrogels exhibited significant differences both in the
room temperature (Figure 6.13.B) and thermally treated cases when compared
to their CB[8]-based analogue gels. No fibrillar network formation was ob-
served, but the presence of a continuous assembly of amorphous particles
was found instead Figure 6.13.D).
The herein reported host-guest-based mechanism and the traditional ion-
based gelation approach showed similar capacities to render fiber formation
and alignment in G5F-PA gels, meanwhile the host-guest gelation mecha-
nism allowed to access further structuring capacities in G5F-PA that the ion-
bridging mechanism could not afford. These results show that CB[8]-induced
non-covalent crosslinking of nanofibers can be employed as a tool to promote
further organization in non-covalent polymer-based biomaterials.
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6.6 Mechanical properties of Guest PAs-CB[8] hy-
drogels
Given these results, we reasoned that morphological differences in peptide ar-
chitectures observed in CB[8]-based and Ca2+-based hydrogels should have
impactful repercussions on the mechanical properties of the resulting materi-
als. In order to test this hypothesis, stiffness and response to deformation of
the hydrogels were assessed through oscillating rheology.
6.6.1 Rheological characterisation of CB[8]-based PA hydro-
gels
Amplitude and frequency sweep experiments were used to quantify the stor-
age (G’) and loss (G”) moduli of CB[8]-based gels (Figures 6.15 & 6.16). Vis-
coelastic behaviour was found in both thermally treated hydrogel systems, G’
values were greater than G” in every case, confirming the materials exhibit
a predominantly elastic rather than viscous character (Figure 6.17). G5F-
PA/CB[8] gels exhibited significantly larger G’ values (4.7 ± 1.3 kPa, p <
0.0001) than those of G5W-PA/CB[8] hydrogels (1.2 ± 0.2 kPa, Figure 6.17.C,
Table 6.3).
Table 6.3: Storage (G’) and loss (G”) moduli of selected self-assembled PA hydrogels
presented in this chapter ∀
Hydrogel G’ G”
(Storage modulus, Pa) (Loss modulus, Pa)
G5F-PA / CB[8] 350 μM 4749 ± 1355 1914 ± 649
G5F-PA / CaCl2 30 mM 4423 ± 223 735 ± 57
G5W-PA / CB[8] 350 μM 1281 ± 261 445 ± 223
G5W-PA / CaCl2 50 mM 2117 ± 772 468 ± 153
Note: ∀ ± S.D. n > 3.
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Figure 6.15: Dynamic rheology experiments on G5F-PA/CB[8] hydrogels. A) Oscil-
latory strain and B) oscillatory frequency sweeps of a representative G5F-PA/CB[8]
gel (1 wt%).
These differences can be explained in terms of the length of highly aligned
fiber aggregates found in G5F-PA/CB[8] (Figure 6.12C) compared to the shorter
and more heterogeneous filamentous aggregates found in G5W-PA/CB[8] gels
(Figure 6.13.C, Figure 6.14). These findings are in accordance with other re-
ports on hydrogels based on rigid polymer chains with pendant phenylalanine
or tryptophan amino acids, where phenylalanine unit affords much stronger
hydrogel materials than its tryptophan counterpart,252 contradicting the initial
intuitive guess that tryptophan-based gels might be stiffer due to increased
aromatic interactions between adjacent interfiber indole rings.
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Figure 6.16: Dynamic rheology experiments on G5W-PA/CB[8] hydrogels.A) Oscil-
latory strain and B) oscillatory frequency sweeps of a representative G5W-PA/CB[8]
gel (1 wt%).
Stiffness of ion-based PA gels can be tuned as a function of Ca2+ ions,
we took advantage of this property to prepare G5F-PA and G5W-PA hydro-
gels with similar stiffness values to our dynamically crosslinked PA/CB[8] gels.
G5F-PA/Ca2+ gels required the use of [CaCl2] = 30 mM to emulate stiffness
values of G5F-PA/CB[8] (crosslinked with [CB[8]] = 350 μM), whereas a higher
CaCl2 concentration of 50 mM was necessary in the case of G5W-PA/Ca2+ gels
prepared under equivalent conditions (Figure 6.17).
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Figure 6.17: Dynamic rheology characterisation of CB[8] and Ca2+-based self-
assembled hydrogels. A) Oscillation strain sweep experiments on 1 wt% G5F-PA
hydrogels based on CB[8] and Ca2+ ([CB[8]] = 350 μM, [CaCl2] = 30 mM, from
thermally treated PA solutions). B) Oscillation strain sweep experiments on 1 wt%
G5W-PA hydrogels based on CB[8] and CaCl2 ([CB[8]] = 350 μM, [CaCl2] = 50 mM,
from thermally treated PA solutions). C) Storage (G’) and loss (G”) moduli correspond-
ing to G5F-PA and G5W-PA hydrogels (* p < 0.05, **** p < 0.0001, n > 3; n.s. no
significant difference).
6.6.2 Interfiber dynamics in CB[8]-based and Ca2+-based hy-
drogels
In Ca2+-based gels self-assembly of PAs is triggered by electrostatic counte-
rion screening, meanwhile in CB[8]-based gels self-assembly occurs due to
hampering of aromatic amino acids mostly due to π − π interactions. Simple
stoichiometry calculations show that formation of CB[8]-based gels required
the presence of one CB[8] molecule per every 30 aromatic binding sites in
the guest-PA nanofibers periphery, meanwhile it took a 3:1 excess ratio of
calcium ions to carboxylate binding sites in Ca2+-based gels to afford similar
mechanical properties as maximum metal ion-PA interactions are achieved.
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Additional interfiber interactions take place on both cases, i.e. stabilisation
via van der Waals and hydrophobic forces and hydrogen bonding.194 These re-
sults indicate that host-guest interactions can drive more efficient PA gelation
than electrostatic forces as the ones involved in Ca2+-based gels.
One last significant finding from the rheological comparison of Ca2+-based
and CB[8]-based hydrogels was the values of the loss tangents. Loss tangent
is a measure of the ratio of energy lost to energy stored during gel cyclic defor-
mation,86 and it can be easily calculated as tan δ = G”/G’. Values of tan δ for
G5F-PA & G5W-PA Ca2+-based gels happened to be smaller than those corre-
sponding to equivalent CB[8]-based gels. This indicates that the electrostatic
mechanism originates gels with greater elastic character than the host-guest
driven ones.
Even though both hydrogel classes rely on non-covalent interfiber contacts,
transient and non-specific electrostatic ion bridging lacks the intricacies of
molecular binding and recognition events that lead to CB[8]-guest complex
formation. The recruitment of a second interfiber PA monomer unit in our
(Guest-PA)2•CB[8] crosslinks ultimately determines the mechanical proper-
ties of the hydrogels. As supramolecular gels translate molecular-scale infor-
mation into materials performance,85 it is possible that interfiber fixation of PA
anchoring points can limit sliding of the nanofibers during stress deformations.
Similar CB[8]-phenylalanine and tryptophan covalent systems indicate that
the binding of the second aromatic guest dictates gel stiffness, i.e. greater
mechanical strength is produced as a result of a higher energetic barrier of
dissociation of the complex.196 Reduction in PA dynamic exchange due to
recruiting into binding sites has been observed in coarse-grain molecular dy-
namics simulations.17 These results show that CB[8]-PA complexations can
be employed to modulate nanofiber morphology and mechanical performance
of peptide fibers and their resulting hydrogels.
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6.7 Biocompatibility of Guest PA-CB[8] hydrogels
6.7.1 Biological relevance of CB[8]-PA hydrogels
In general, PA-based gels are highly suitable substrates to use as cell culture
scaffolds, as they recapitulate mechanical and morphological aspects of native
ECM. CB[8]-based PA hydrogels might be relevant in different in vivo thera-
peutic scenarios, especially in those where an excess of gelator counterions
could become detrimental. For instance, ion-rich environments could influence
enzyme activity and protein conformation, cause osmotic unbalances, hinder
cargo delivery by formation of electrostatic complexes with drugs, or affect
cell function and phenotype, as in the case of stem cell fate. Also, PA-based
hydrogels exhibit shear-thinning and fast recovery properties,92 enabling min-
imally invasive administration routes in biomedical applications.
6.7.2 Cell culture studies
To assess the potential of our host-guest crosslinked PA hydrogels to be used
in biological applications, in vitro culture of NIH-3T3 fibroblasts over G5F-PA
and G5W-PA (both CB[8] and CaCl2-based) hydrogels was performed (Fig-
ure 6.19.A). Host-guest crosslinked, and electrostatics-based gels exhibited
similar cell viability values of over 95% after 24 h of culture compared to tis-
sue culture plastic controls (Figure 6.19.B). These high cell viabilities correlate
with results obtained in cell viability assays in solution, as the presence of
CB[8] proved not to be detrimental in fibroblasts cell response neither in the
gel state nor when presented to a monolayer of cells in solution state (Fig-
ure 6.18), same positive cell response was observed when the self-assembled
G5F-PA and G5W-PA nanofibers.
Recent studies on CB[7]/PEG-based hydrogels report on the pivotal role
of host-guest affinity in dictating supramolecular hydrogel properties after in
vivo implantation,258 suggesting that our G5F-PA/CB[8] and G5W-PA/CB[8]
hydrogels are likely to drive different cell infiltration behaviours and material
clearance after implantation.
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Figure 6.18: NIH-3T3 fibroblasts LIVE-DEAD results assay after culture with the indi-
cated solutions, TCP as control.
The possibility to prepare guest-PA gels incorporating both Ca2+ and CB[8]-
driven gelation was also preliminary explored, finding that the resulting gels do
not differ in transparency or stiffness compared to Ca2+-based only and CB[8]-
based only hydrogels. This suggests that synergistic use of both mechanisms
can exploited in circumstances were a precise gel architecture or stiffness is
desired without the presence of ion-rich environments. Such systems could be
used as disease models in calcification involved pathologies like heterotopic
ossification (the formation of bone in soft tissues), where muscle or spinal cord
injury animal models are currently used.259
If “smarter” PA and self-assembling peptide-based materials are desired
then their role must go beyond the simple presentation of cell-adhesive epi-
topes or the modulation of mechanical properties, towards truly mimicking
ECM spatiotemporal dynamic properties.260,1 This will require involving the
same dynamic non-covalent interactions that are present in natural matrix
materials.31 We believe host-guest mediated PA hydrogels point in that direc-
tion and we hope that further research on them can lead to improvements in
stem cell-based and other regenerative therapies.
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Figure 6.19: Cell viability studies of NIH-3T3 fibroblasts cultured atop CB[8] and
Ca2+-based PA-hydrogels. A) LIVE/DEAD images from the cell-seeded hydrogels
(green: calcein AM, alive cells; red: ethidium homodimer-1 (EthD-1), dead cells). B)
Cell viability values after 24 h of culture onto G5F-PA and G5W-PA hydrogels ([CB[8]]




In this study, we report on the synthesis, supramolecular aggregation, and
structural characterisation of the unreported CB[8]-guest mediated dimeri-
sation of peptide amphiphiles containing phenylalanine and tryptophan mo-
tifs. CB[8]-driven PA gelation showed great potential to maintain and guide
PA nanofiber hierarchical organisation, thus representing a promising mecha-
nism to understand and guide precision organisation and functionality in other
supramolecular polymer-based biomaterials.
Our work evidences the benefits of merging the self-assembling dynamic
properties of PA nanofibers and the high stability of (Guest-PA)2•CB[8] cross-
links, as CB[8]-based gels achieved similar mechanical properties and suit-
ability for cell culture to gels involving ion-rich conditions, nonetheless involv-
ing only a minimal fraction of interfiber contacts. CB[8]-based PA gels may
find applications in the development of therapies for disease and regenerative
medicine.
This chapter demonstrated the benefits of the incorporation of CB[8] in PA
hydrogels, thus closing the experimental chapters. The next chapter of the
thesis provides the final remarks and conclusions.
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6.9 Materials and methods
6.9.1 Materials
Cucurbit[8]uril (CB[8] hydrate, 99+%) was purchased from abcr GmbH (Karl-
sruhe, Germany). Phosphate buffered saline (PBS 1x), 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES), Dulbecco’s Modified Eagle’s Medium
(DMEM), Hank’s Balanced Salt Solution (HBSS), Penicillin/Streptomycin (P/S),
and Fetal Bovine Serum (FBS), were obtained from Gibco (Life Technologies).
All other reagents were purchased from Sigma-Aldrich and used without any
further purification unless otherwise stated.
6.9.2 Peptide synthesis and purification
Peptide amphiphiles (PAs) E3-PA, G5F-PA and G5W-PA were synthesised us-
ing modifications of previously reported solid phase peptide synthesis (SPPS)
procedures.230 PAs were purified using reverse phase HPLC (RP-HPLC) using a
2545 Binary Gradient Preparative HPLC (Waters, USA) and a C18 column (At-
lantis Prep OBD T3 Column, Waters, USA). Peptide identity was confirmed us-
ing electrospray ionisation mass spectrometry (ESI-MS, Thermo LXQ, Thermo
Scientific, USA).
6.9.3 Nuclear magnetic resonance (NMR)
PAs were dissolved in D2O at a final concentration of 4-6 mg/mL (ammonium-
d4 deuteroxide ND4OD was added to promote peptide solubility) and 1 equiv-
alent of CB[8] in D2O was added to the mixture. Spectra were acquired using
a Bruker AvanceNEO 600 spectrometer at 298 K.
6.9.4 Fluorescence spectroscopy
Fluorescence spectra were recorded on a LS55 spectrofluorimeter with Xenon
pulsed flash lamp (Perkin Elmer, MA, USA). Measurements were made using a
10 mm path-length cuvette at 25 °C and a λec = 280 nm. Emission spectra
were recorded from 300 nm to 600 nm in each case.
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6.9.5 Circular dichroism (CD)
CD measurements were made using a 1 mm path-length quartz cuvette placed
in a Pistar-180 spectropolarimeter (Applied Photophysics, Surrey, UK) equipped
with a Peltier temperature controller, under a constant nitrogen purging at a
constant pressure of 0.7 MPa and temperature of 25 °C. Peptides were dis-
solved in HEPES 10 mM saline (155 mM, NaCl pH 7.4) reaching a final con-
centration of 0.01 wt%. Far UV spectra were recorded from 190 to 260 nm
a wavelength step of 0.5 nm. Each represented spectrum is the average of
three consecutive spectra. Temperature variable CD experiments were carried
out between 10 ºC and 70 ºC, with a heating rate of 1 ºC/min.
6.9.6 Transmission electron microscopy (TEM)
PA 0.05 wt% HEPES solutions were negatively stained as follows: solutions
were drop-casted on holey carbon-coated copper TEM grids (Agar Scientific,
Stansted, UK), solution excess was blotted after 5 min incubation, then incu-
bated one minute with 2% uranyl acetate, grids were then washed with ultra-
pure water for 30s and air dried for 24h at room temperature before imaging.
Bright-field TEM images were acquired on a JEOL 1230 Transmission Electron
Microscope operated at 80 kV. All the images were recorded by a Morada CCD
camera (Image Systems) and at least six areas were analysed (corresponding
to n ≥ 100 PA fibers).
6.9.7 Gel preparation
In a typical example of hydrogelation procedure, PAs were dissolved in HEPES
saline at a concentration of 1.5 wt% incubated at 80 ºC for 30 min and let
slowly cool down to 25 ºC (“peptide stock solution”). Subsequently, a 30 μL
drop of peptide stock solution was placed onto a poly-dimethylsiloxane (PDMS)
support, injected with 15 μL of either CaCl2 100 mM or saturated CB[8] 350
μM solution and incubated at 28 ºC for 24 h to afford 1 wt% hydrogels in all
cases.
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6.9.8 Scanning electron microscopy (SEM)
PA hydrogel samples underwent stepwise dehydration, critical point drying
and gold coating before SEM imaging. Initially PA hydrogels were stepwise
dehydrated by immersion in increasingly concentrated ethanol solution (20%,
50%, 70%, 80%, 90%, 96%, 100%), for 5 min twice in each solution. De-
hydrated samples were dried using a critical point dryer (K850, Quorum Tech-
nologies, UK) and gold coated before imaging on an Inspect F50 (FEI Company,
the Netherlands) (n ≥ 3).
6.9.9 Oscillating rheology
Rheological characterisation was performed with a DHR-3 Rheometer (TA In-
struments, USA) using an 8 mm diameter parallel plates geometry. G’ (storage
modulus) and G” (loss modulus) of hydrogels were monitored by amplitude
and frequency sweeps. G’ and G” moduli were measured at 25 °C and a con-
stant frequency of 1 Hz in the 0.01%– 10% strain during the amplitude sweep,
while the oscillation frequency experiments were carried out at a 0.1% fixed
strain along a 0.1 – 100 Hz range.
6.9.10 Cell culture experiments
All cell culture experiments were conducted using NIH-3T3 fibroblasts. NIH-
3T3 fibroblasts were cultured with DMEM medium supplemented with 10$%
fetal bovine serum (FBS) and 1% penicillin and 1% streptomycin. Cells were
maintained in a humidified 5% CO2 atmosphere at 37 °C during culture.
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6.9.11 In vitro cell viability assays on hydrogel surface
Hydrogels were sterilised using UV light for 30 min prior to culture. Typically,
30 000 NIH-3T3 fibroblasts were seeded on top of a hydrogel, placed under
orbital agitation for 1 h and then incubated for 24 h until LIVE/DEAD imag-
ing. A LIVE/DEAD Viability/Cytotoxicity Assay Kit (Thermo Fisher Scientific,
UK) was used. Cells were incubated in 10 mM Calcein AM and 1 mM ethidium
homodimer-1 (EthD-1) DMEM medium for 30 min before imaging, stained sam-
ples were visualised on an inverted epifluorescence widefield Leica DMI4000B








This chapter summarises the overall findings of the research work in relation
to the thesis aim and objectives. The chapter is divided into three parts ad-
dressing each objective in turn. Each part contains a summary of findings, a
perspective on the significance of the work, and a suggestions for future work
based on the limitations of the studies.
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7.1 Summary
The thesis intended to conceive novel peptide amphiphile-based materials
based on the convergence of peptide self-assembly and host-guest interac-
tions to successfully integrate the benefits of these self-assembling systems
and the dynamic capacities and versatility of host-guest interactions.
The herein presented collection of projects demonstrated that molecular
designs incorporating PA host-guest-mediated nanofiber anchoring, epitope
presentation and non-covalent dimerisation can be turned into functional bio-
materials with enhanced capacities to emulate dynamic complexity aspects of
native extracellular matrixes. Thereby, validating the relevance of the overall
thesis aim.
This concluding chapter provides a review of each of the three experimental
studies (Chapters 4-6), corresponding to three thesis objectives (Section 3.2).
Each section is divided into a summary of findings as well as perspectives and
suggestions for future work.
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7.2 β-Cyclodextrin/Adamantane nanofiber anchoring
on cationic PA hydrogels
The first thesis objective was to prepare tunable hydrogel scaffolds based on
the host-guest binding of complementary PA molecules bearing Ada and βCD
motifs. The study presented in Chapter 4 aimed to address this objective.
7.2.1 Summary of findings
The synthesis, supramolecular aggregation, and mechanical improvement of
a new family of PA hydrogels based on the dynamic noncovalent binding of
β-cyclodextrin and adamantane motifs were presented.
This study demonstrated that systematic variations of K3-PA (Figure 4.7) by
covalent attachment of Ada (in K3G3-Ada-PA) or βCD residues (in K3G3-βCD-
PA) can actually lead to formation of unreported peptide assemblies (Figure
4.11), originate unforeseen effects on peptide packing into nanofibers (Figure
4.2) and allow for the formation of host-guest complexes at the surface of PA
nanofibers (Figure 4.15).
This non-covalent complexation allowed for dynamic intermolecular bind-
ing of PA units both in solution (Figure 4.22) and the gel state (Figure 4.23)
rendering an approach that can keep peptide concentration constant and orig-
inate stiffer self-assembled hydrogels as a function of host-guest units concen-
tration along K3-PA diluted nanofibers (Figure 4.26) while increasing gel lifes-
pan and retaining bioactivity (Figure 4.28). The findings of this study suggest
that host-guest interactions represent an attractive and viable tool to not only
improve mechanical and structural features in PA-based hydrogels, but also
to further incorporate dynamic guests and structural complexity levels of PA
hydrogels useful for developing novel therapies for disease and regenerative
medicine.
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7.2.2 Perspectives & future work
As the staggering majority of hydrogels comprising host-guest units are polymer-
based ones (Figure 2.6),32,73,77 this study aims to stimulate more supramolec-
ular hydrogels (specially self-assembling peptide-based ones) integrating con-
cepts of supramolecular polimerisation and host-guest interactions (Figure
2.2).
Efforts in this direction are likely to increase our understanding of the dy-
namic complexity ECM-like materials eliciting beneficial cell-responses as bet-
ter biochemical and biophysical recapitulation of the native ECM is achieved,31
including the potential to instruct cell fate via stiffness control of the hydrogel
substrate.197,82
As the incorporation of host-guest motifs does not interfere with self-healing
and shear thinning capacities of PA hydrogels (as shown in Figure 4.27) their
incorporation as part of functional bio-inks for use in additive manufacture
techniques will gain momentum, as current reports on 3D self-assembling pep-
tides79 and PA-bioprinting demonstrate.192
As progress on PA-based platforms advance, they will likely become avail-
able to more diverse audiences, therefore control of stiffness on demand might
be fundamental for biofabrication processes or the development of novel ther-
apies involving the assembly and disassembly of PA-based constructs. The
correct choice of a suitable host-guest pair might allow responsiveness to a
variety of stimuli, including thermal, redox, light and ion-responsiveness (Fig-
ure 2.15), thus adding a dynamic dimension to PA-based biomaterials and
helping collaborative dialog between cell biologists, materials scientists and
engineers to tackle the demands imposed by increasing biological complex-




display on anionic PA hydrogels
The second thesis objective was to display cell adhesion epitopes on PA hy-
drogels through βCD/Ada host-guest-mediated tethering to self-assembled
nanofibers. The study presented in Chapter 5 aimed to address this objec-
tive.
7.3.1 Summary of findings
This study presented the design of two Ada-bearing PA molecules and their
suitability to undergo further host-guest complexation with a complementary
RGDS-βCD derivative. The results from this study throw light on the influence
of spacer length when it comes to present Ada residues on self-assembled
nanofibers, as a Ada-PA without a three-glycine spacer was found to be detri-
mental for β-sheet formation (Figure 5.5) and subsequent hydrogel mechanical
properties (Figure 5.7).
Formation of E3G3Ada-PA•RGDS-βCD units (Figure 5.8) led to preserva-
tion of β-sheets when the host-guest complex was presented along E3-PA di-
luted nanofibers (Figure 5.12), implying that further use of this kind of hydrogel
as a cell culture scaffold might not impose additional mechanical impediments
for cells to struggle with when cell-substrate interactions take place.
The present study, however, makes several noteworthy contributions to
new biosignal presentation strategies. The herein described RGDS epitope
presentation strategy mediated by non-covalent interactions proved effec-
tive to prompt morphological changes in 3T3 fibroblasts due to attachment,
spreading and cytoskeleton organisation in response to the host-guest-mediated
display of RGDS in PA gels (Figure 5.14). Overall, this study demonstrates that
carefully chosen molecular design can lead to effective host-guest-mediated
tethering of RGDS epitopes by βCD/Ada as a strategy to increase PA nanofiber
bioactivity.
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7.3.2 Perspectives & future work
This research has thrown up several questions in need of further investiga-
tion. Further work needs to be done in the following areas: more studies
are required regarding the length on the glycine spacer used in Guest-PAs, as
longer spacer lengths might improve βCD/Ada-mediated biosignal presenta-
tion, as studied by Sur et al.115 in the case of covalent epitope attachment
to PA nanofibers. Also, the possibility to attach other biologically relevant epi-
topes apart from RGDS by attachment to βCD can be explored.211 As βCD
offers the possibility to attach up to 7 RGDS sequences at once (using the
free primary hydroxyl groups from the primary rim), the use of similar macro-
cyclic units might offer the possibility to present even higher epitope densities
on PA nanofibers using per-functionalised cyclodextrins.
The herein presented host-guest-mediated epitope presentation employed
the well known β-CD/Ada pair, but further studies can actually used other
host-guest pairs (Figure 2.15).130 In fact, part of this study involved the prepa-
ration of UV light-responsive azobenzene-PA and redox-responsive ferrocene-
PA derivatives, unfortunately these conjugates could not undergo purification
(neither by RP-HPLC nor dialysis) due to their low water solubility and strong
tendency to aggregate in acetonitrile solutions.
More hydrophilic designs of this type of derivative might imprint stimuli re-
sponsiveness to PA-hydrogels, thereby resulting in on-demand spatiotem-
poral bioactivity presentation useful in clinical therapies or preparation of
nanomaterials. For instance, a PA gel with pendant azobenzene units could
be reversibly bound to an αCD functionalized with the RGD peptide (thus
forming azo-RGD complexes) in the trans-configuration, thus promoting cell
attachment; while irradiation of the gel with UV light might induce isomeri-
sation of the azobenzene cues to the cis-configuration, resulting in the re-
lease of azo-RGD and cells from the PA scaffold.261 Removal of UV radia-
tion allows formation of new azo-RGD units as the trans-configuration is re-
gained, allowing for reversible epitope presentation, in fact, similar cycles of
trans–cis–trans isomerization in cyclo(RGDFK) monolayers leads to reinforce-
ment of cell adhesion, perhaps as the result of cell adhesion stimulation via
mechanical forces.261,262
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So far supramolecular hydrogels have successfully provided ECM-like 3D
cell microenvironments, however, no use of synchro-nous regulations of ma-
trix stiffness, shape and size, and degradation263 are yet spread in PA hydro-
gels as in other organogels264 or polymeric hydrogels like those HA-based.265
To date there is only one report on PA gels where structural and biochemi-
cal reversibility can be achieved, in this case via peptide-DNA conjugates that
happen to also alter the phenotype of neural cells in contact with these materi-
als.17 Other PA platforms capable of responding to specific stimuli (e.g., light,
magnetic and electrochemical stimulations) are sill required, and it is antic-
ipated that the study presented in Chapter 5 has gone some way towards
enhancing our understanding and design of such materials in future.
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7.4 Cucurbit[8]uril-driven PA hydrogelation
The third thesis objective was to develop hydrogels relying on the dynamic
non-covalent PA dimerisation mediated by CB[8]. The study presented in
Chapter 6 aimed to address this objective by showing CB[8]-PA hydrogels
as alternatives to conventionally ion-generated PA scaffolds.
7.4.1 Summary of findings
The evidence from this study suggests that pH changes and electrostatic
counterion screening are not the only viable way to prompt PA hydrogelation,
as CB[8]-mediated homoternary complexation of aromatic-bearing proved to
originate self-sustaining gels without the presence of ions, and occurring at
physiological pH values (Figure 6.17).
The results of this study indicate that variations of only one amino acid in
Guest-PAs (by going from phenylalanine in G5F-PA to tryptophan in G5W-PA
originated tremendous spectroscopic (Figure 6.11) and morphological differ-
ences in presence of CB[8] (Figures 6.12 & 6.13) even though both amino
acids bear aromatic side chains and their gelation is likely to share a simi-
lar host-guest-mediated mechanism. Both Guest-PAs exhibited β-sheet con-
formations in presence of CB[8], though their time and temperature-driven
evolution exhibited differences.
In particular, G5W-PA exhibited promising abilities to generate temperature-
driven supra-molecular structures (Figure 6.14), and even though these fibril-
lar aggregates had consequences on the resulting hydrogel stiffness (Figure
6.17) this effect can be attenuated by diluting the peptide along self assem-
bled nanofibers with a filler-PA like E3-PA.
Finally, both ion-based and CB[8]-based Guest-PA hydrogels achieved sim-
ilar mechanical properties and suitability for in vitro cell studies (Figure 6.19).
As this study merges features of host-guest interactions and supramolecu-
lar gelation (Figure 2.2) it is anticipated that it might help to integrate both
families of supramolecular biomaterials thus enhancing their future molecular
design.
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7.4.2 Perspectives & future work
As this study accounts for an unreported mechanism to drive PA-hydrogelation
many questions are in need of further investigation. Further work needs to
be done to establish the ability of CB[8] (and other members of the cucur-
bit[n]uril family) to dynamically dimerise PA nanofibers. More work needs to
be done regarding the binding kinetics and thermodynamics of the system, as
the high density presentation of the aromatic motifs in PA nanofibers might
have an effect (perhaps a cooperative one) on the traditionally accepted pa-
rameters (measured as free molecules or macromolecular conjugates).266
Self-assembled nanofibers bearing Guest-PA monomers might be useful to
tether proteins and small molecule drugs able to undergo complexation with
CB[8], thereby forming drug delivery system with dynamics controlled not
only by supramolecular polimerisation parameters but also by CB[8] affin-
ity.162,32
An interesting possibility allowed by the CB[8]-driven non-covalent bind-
ing is the preparation of double network hydrogels simultaneously incorporat-
ing macromolecular units bearing aromatic amino acids (like phenylalanine or
tryptophan) and supramolecular PA-nanofibers bearing the same amino acids.
Such systems might help move forward the design of more adaptive and bio-
logically relevant hydrogel biomaterials83 useful in clinical models, tissue en-





This appendix summarises all published material (publications, collaborations
and book chapter) and provides a list of all conference presentations concern-
ing this thesis.
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A.I Publications derived from this thesis
A.I.1 Book chapter
• Okesola, B.; Redondo-Gómez, C.; Mata, A. “Multicomponent self-
assembly: Supramolecular design of complex hydrogels for biomedical
applications” in “Self-Assembling Biomaterials: Molecular Design, Char-
acterization and Application in Biology and Medicine” Elsevier, ISBN: 978-
0-08-102015-9 (2018).
A.I.2 Papers
• Redondo-Gómez, C.; Abdouni, Y.; Becer, R.; Mata, A. Self-assembling
hydrogels based on a complementary host-guest peptide amphiphile pair.
Biomacromolecules (2019) 20, 6, 2276-2285.
• Redondo-Gómez, C.; Padilla-Lopategui, S.; Azevedo, H. S.; Mata, A.
Host-guest-mediated epitope presentation on self-assembled peptide am-
phiphile hydrogels. To be submitted to ACS Biomaterials Science and
Engineering.
• Redondo-Gómez, C.; Padilla-Lopategui, S.; Azevedo, H. S.; Mata, A. Self-
assembling peptide amphiphile hydrogels based on a homoternary cucur-
bit[8]uril host-guest complex. To be submitted to Biomaterials Science.
A.II Collaborations
• Hedegaard, C. L.; Collin, E.; Redondo-Gómez, C.; Nguyen, L. T. H.; Woei
Ng, K.; Castrejón-Pita, A. A.; Castrejón-Pita, J. R.; Mata, A. Hydrodynam-
ically guided hierarchical self-assembly of peptide-protein bioinks Adv.
Funct. Mater. (2018) 1703716.
• Hedegaard, C. L.; Redondo-Gómez, C.; Tan, B. Y.; Woei Ng, K.; Loessner,
D.; Mata, A. Peptide-protein co-assembling hydrogel as an effective 3D
model of ovarian cancer. Submitted to Science Advances.
• Ajovalasit, A.; Redondo-Gómez, C.; Sabatino, M. A.; Dispenza, C.; Mata,
A. Carboxylated-xyloglucan and peptide amphiphile co-assembly for
wound healing application. Manuscript in preparation.
• Anna M. Majkowska, A. M.; Inostroza-Brito, K.; Redondo-Gómez, C.;
Collin, E.; Rice, A.; Rodríguez Cabello, C.; Mata, A. Interfacial self-assembly
in hybrid bioactive scaffolds. Manuscript in preparation.
• Collin, E.; Redondo-Gómez, C.; Martin, C.; Okesola, B.; Inostroza-Brito,
K.; Mata, A. Effect of peptide amphiphiles charges on cell viability.
Manuscript in preparation.
• Abdouni, Y.; M. ter Huurne, G. M.; Monaco, A.; Redondo-Gómez, C.; Yil-
maz, G.; Meijer, E. W.; Palmans, A. R. A.; Becer, C. R. Supramolecular
Single-Chain Folding Polymeric Glyconanoparticles. Manuscript in prepa-
ration.
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• Redondo-Gómez, C.; Mata, A. “Stabilising Peptide Amphiphile-based
biomaterials through Host-Guest complexations”, Sao Paulo School of
Advanced Science on Biophysical Methods to Study Biomolecular Inter-
actions, Brazil, 10/2017. Best poster presentation winner.
• Redondo-Gómez, C.; Mata, A. “Stabilising Peptide Amphiphile-based
biomaterials through Host-Guest complexations”, Industry Liaison Forum,
Queen Mary University of London, London, United Kingdom, 11/2017.
• Redondo-Gómez, C.; Mata, A. “Self-assembling hydrogels based on a
complementary host-guest peptide amphiphile pair”, Industry Liaison Fo-
rum, Queen Mary University of London, London, United Kingdom, 11/2018.
• Redondo-Gómez, C.; Abdouni, Y.; Becer, C. R.: Mata, A. “Self-assembling
hydrogels based on a complementary host-guest peptide amphiphile pair”,
XIV International Symposium on Macrocyclic and Supramolecular Chem-
istry, Lecce, Italy, 2019.
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